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EDITORIAL 


Seeing is believing 


cientists can often make indirect measurements 
that tell us about things we can’t actually see. 
For scientists who work on molecules, such as 
myself, this is especially true: Many of the small 
and large molecules that dance in my head are 
objects that I’ve never actually looked at. But for 
many outside of science, seeing is believing. 

In my first administrative job at the University of 
North Carolina, I learned about this while running the 
campus planetarium. On clear nights, we would set up 
telescopes for public view- 
ings. It was common for peo- 
ple to see Saturn through the 
telescope for the first time 
and then frantically look to 
see whether we had taped a 
cartoon of the ringed planet 
to the end of the telescope. 
They had assumed that Sat- 
urn didn’t really look like 
the pictures in their grade- 
school classrooms. 

While I was in that job al- 
most 20 years ago, I was for- 
tunate enough to convince 
the authors Will and Mary 
Pope Osborne to work with 
the university on a plane- 
tarium show based on their 
blockbuster children’s book 
series Magic Tree House. At 
the most suspenseful part of 
the show, the protagonists 
Jack and Annie end up dan- 
gerously close to the event 
horizon of a black hole—the 
point beyond which not even light can escape. That 
meant we had to project a convincing and exciting im- 
age of a black hole onto the planetarium dome. 

Most of today’s planetariums project a continuous 
digital image. Back then, planetarium operators had to 
be wizards of improvisation with baby food jars, film- 
strip projectors, and various kinds of motors. Our pro- 
jector genius, Richard McColman, created an ominous 
black hole by using a simulated image of what was then 
the most current idea of an accretion disk orbiting an 
event horizon; he printed the image on transparent film 
and rotated it on top of a projector bulb that moved 
closer and closer to the image. Combined with dramatic 
music, it was enough to create substantial suspense, in- 
cluding for my 5-year-old daughter, who is still scared 


“The image of...the 
supermassive black hole... 
was a magnificent 
technical achievement...” 


to talk about it today. (Spoiler alert: Jack and Annie are 
rescued from spaghettification at the event horizon by 
Mary Pope Osborne herself.) 

If we made the show today, we wouldn’t have to guess 
at what the black hole looks like. The image of the event 
horizon of the supermassive black hole in the nearby 
galaxy Messier 87 was a magnificent technical achieve- 
ment and a worthy Breakthrough of the Year. But it is 
more than that. For a skeptical public that often rolls 
their eyes when they hear scientists say that they know 
things exist even though 
they cannot be seen, this is 
one more important object 
that we can see. Given the 
influence of black holes on 
the evolution of galaxies, 
this is a remarkable mile- 
stone in every respect. 

There were also some ex- 
traordinary runners-up this 
year. When I was at Washing- 
ton University in St. Louis, I 
had the privilege of watch- 
ing research progress on re- 
storing the gut microbiome 
in malnourished children. 
It’s intensely encouraging 
to know that there is a way 
to do this, and the compan- 
ion papers that show how 
the microorganisms develop 
make it great science, as 
well. This has implications 
for public health in the de- 
veloped world, too: Children 
need to start with excellent 
nutrition, and when they don’t, it isn’t enough just to get 
food to them—it has to be the right food. 

A series of papers that reveal details of how the Chicx- 
ulub asteroid impact wiped out the dinosaurs and how 
mammals reemerged afterward provide very important 
pieces of science about the history of life on Earth. Like 
the black hole image, seeing is believing. The mammal 
fossils recovered in Colorado tell a story that needs to be 
shared widely as scientists make the case for preserving 
life on Earth. Objective science such as these discover- 
ies creates a powerful narrative that can compel society 
to consider the trajectory of Earth in the aftermath of 
tremendous ecological upheavals—those of the past as 
well as those that may yet come. 

- H. Holden Thorp 


H. Holden Thorp 
Editor-in-Chief, 
Science journals. 
hthorp@aaas.org; 
@hholdenthorp 
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46 Very exciting for the louse community. 99 


Evolutionary biologist Julie Allen, about the discovery by paleontologists in China of 
fossilized lice that, when alive, appeared to have feasted on dinosaurs’ feathers. Lice are thought to 
have evolved during the age of dinosaurs but rarely fossilized; these were preserved in amber. 
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Risky site picked for asteroid sample grab 


ission leaders last week announced they picked a challenging 
landing site on the asteroid Bennu for aspacecraft to suck up fine 
grit and return it to Earth for analysis. The 16-meter-wide tar- 
get is among the most flat and accessible places on the boulder- 
strewn surface. Even so, the NASA-funded space probe— 
the Origins, Spectral Interpretation, Resource Identification, 
Security, Regolith Explorer (OSIRIS-REx)—must avoid nearby tall rocks 
nicknamed “Mount Doom” during its visit, planned in August 2020. 
The crater’s location, toward the north pole of the 500-meter-wide 
body, keeps it cool, which may have preserved water and organic mate- 
rials from the Solar System’s earliest days. Another spacecraft, Japan’s 
Hayabusa-2, this year successfully navigated around boulders on a dif- 
ferent asteroid, Ryugu, to collect surface samples for return to Earth. 


U.S. science gets spending boost 


FUNDING | Most U.S. research agencies 
will receive healthy budget increases in 
2020 after Democrats and Republicans 
resolved a 3-month stalemate. The spend- 
ing levels for the fiscal year ending on 
30 September 2020, expected to become 
law this week, also reject the deep cuts 
proposed by President Donald Trump in 
his 2020 budget request in February. The 
National Institutes of Health will receive 
by far the largest increase in absolute 
dollars, as legislators approved a fifth 
year of annual budget hikes of at least 
$2 billion. Congress also allocated 

$25 million for gun violence research, 
ending a 23-year de facto federal spend- 
ing freeze, and extended for 10 years a 
government-funded nonprofit that studies 
the relative benefits of medical treat- 
ments. Climate, energy, and space science 
also fared well: Legislators again rejected 
Trump’s request to kill the Advanced 
Research Projects Agency-Energy, for 
example, and they gave NASA a 

$36 million down payment for a new 
mission to monitor near-Earth objects. 
The National Science Foundation got 

less love, as its $203 million increase 

fell below what appropriators in the 
Senate and House of Representatives 
had previously approved. 


A What selected agencies got 
2020 BUDGET INCREASE 


Map reveals Antarctic terrain 


GLACIOLOGY | The lowest land canyon on 
Earth is in East Antarctica, plunging 

3.5 kilometers below sea level, according to 
a new map of the land below the conti- 
nent’s ice sheets. The canyon is seven times 
deeper than the shores of the Dead Sea, the 
lowest exposed spot on Earth’s surface. The 
map, called BedMachine Antarctica and 
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published last week in Nature Geoscience, 
was inferred using the flow and volume of 
ice. It reveals previously unknown ridges 
that sit above sea level in the deep valleys 
that drain the Transantarctic Mountains, 
stabilizing glaciers there. Researchers had 
hoped the map would reveal similar ridges 
under West Antarctica’s fastest melting gla- 
cier that might stabilize it as well. But none 
beyond the two already known was found. 
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AGENCY/PROGRAM ($ BILLION) OVER 2019 
National Institutes $41.684 7% 
of Health 

National Science $8.278 2.5% 
Foundation 

NASA science office $7139 34% 
Department of Energy $7 6.3% 
science office 

Department of Defense  $2.603 3% 
basic science 

U.S. Geological Survey $1.271 9.5% 
National Institute $0.754 4.1% 
of Standards 

and Technology labs 

EPA science programs $0.716 14% 
NOAA $0.590 4.3% 
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MARINE ECOLOGY 


Coral surprise in French Polynesia 


ven as coral reefs almost everywhere are dying, those in 
French Polynesia stand out as an exception, a study has 
found. Six years ago, the Khaled bin Sultan Living Oceans 
Foundation in Annapolis carried out censuses of fish and 
coral and developed detailed satellite and underwater maps 
of reefs around 29 of that country’s islands. On some atolls, live 
coral covers 70% of the reef’s surface, the highest coverage in 


Climate talks bog down 


SUSTAINABILITY | A Madrid meeting of 
nations that have signed the Paris cli- 
mate pact ended in disappointment on 
15 December. Climate activists had hoped 
nations would rachet up commitments to 
cut carbon emissions and agree on how 
to set up a global market that would help 
create financial incentives for reducing 
emissions. Poorer nations also wanted 

to nail down how richer countries will 
compensate them for damages caused 

by climate change. But delegates failed 
to reach agreement on these and other 
issues, delaying action until next year’s 
talks in Glasgow, U.K. 


U.S., Iran swap detainees 


INTERNATIONAL AFFAIRS | A harrow- 

ing saga has ended for four researchers 
ensnared in the poisonous politics of 
U.S.-Iranian relations. In a prisoner swap 
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at an airport in Zurich, Switzerland, on 
7 December, Iran released Xiyue Wang, 
a U.S. citizen and graduate student in 
history at Princeton University who 
was arrested in Tehran in 2016 while 
conducting archival research on Persia’s 
Qajar Dynasty. Wang was convicted in 
2017 of espionage and sentenced to 

10 years of prison. In the exchange, 

the United States handed over Masoud 
Soleimani, a stem cell researcher at 
Tarbiat Modares University in Tehran 
detained in Chicago, Illinois, in October 
2018—en route to a stint at the Mayo 
Clinic—on charges of attempting to 
evade trade sanctions by smuggling 
U.S.-made growth factors into Iran. Two 
of Soleimani’s former students who 
purchased and transported the proteins 
are also in the clear: On 11 December, a 
U.S. federal judge approved a motion by 
prosecutors to dismiss charges against 
the Iranian American scientists “in the 
interest of justice.” 
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French Polynesia’s 
reefs benefit in part from 
its remoteness. 


the world, according to a final report released 12 December. In 
comparison, coral coverage on the iconic Great Barrier Reef 
reaches only about 45%. And big fish such as grouper and bar- 
racuda that have almost disappeared elsewhere are thriving in 
French Polynesia. The country’s remoteness and milder climate 
likely account for why many reefs were doing so well, although 
scientists say some have declined since the surveys. 


Name that exoplanet 


PUBLIC ENGAGEMENT | The International 
Astronomical Union (IAU) this week 
announced a set of evocative names for 
112 exoplanets and their stars. Each pair 
of names was suggested by a different 
country from ideas offered by 780,000 
people across the world. Exoplanets 

are routinely named after the star they 
orbit or the telescope that discovered 
them, such as 51 Pegasi b or Kepler-62e. 
In response to IAU’s call, Irish partici- 
pants suggested two mythological dogs, 
Bran and Tuiren, for their planet-star 
pair. Jordanians honored famed historic 
places, the ancient city Petra and desert 
site Wadi Rum, whereas the stargazers 
of Burkina Faso picked prominent riv- 
ers, Nakambé and Mouhoun. Names in 
Indigenous languages were encouraged, 
so Argentinians suggested Naqaya and 
Nosaxa in the Mogqoit language. With 
more than 4000 worlds now discovered, 
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there will be plenty of opportunities for 
additional creative naming. 


H. erectus lingered late on Java 


PALEOANTHROPOLOGY | The extinct 
human ancestor Homo erectus likely 

lived out its final days on the Indonesian 
archipelago approximately 100,000 years 
ago, according to a new analysis of fossils 
from a site in Central Java. A dozen partial 
skulls and two leg bones of H. erectus 

were first identified at the riverside site 
known as Ngandong in the 1930s. But 
those fossils proved notoriously difficult 

to date, so paleoanthropologists returned 
to the original bone bed and uncovered 
hundreds of animal bones from the same 
layers. Combining five methods to date 
those bones, the researchers concluded this 
week in Nature that the H. erectus fossils 
date from 117,000 to 108,000 years ago— 
the latest known reliable evidence for the 
species. The authors suggest a climate shift 
significantly transformed the island’s land- 
scape, dooming H. erectus before our own 


Researchers fitted 
more than 1 million 
butterflies with 
tags like this one. 


ANIMAL BEHAVIOR 


species arrived on the island. H. erectus’s 
long presence in Southeast Asia supports 
the hypothesis that the species gave rise to 
at least two others, H. floresiensis and H. 
luzonensis, as it migrated across Southeast 
Asia’s necklace of islands. 


Exxon wins climate lawsuit 


LEGAL AFFAIRS | Exxon Mobil did not 
fraudulently downplay the financial costs 

it faces from possible regulations to control 
climate change, a New York state judge ruled 
last week. The state attorney general had 
alleged in a civil lawsuit that the company 
duped investors and inflated its share price 
by low-balling those costs. Judge Barry 
Ostrager said that his decision was based 

on securities fraud law and did not settle 
whether the company had contributed to 
climate change through greenhouse gas 
emissions from its products. Other state and 
city governments are suing Exxon Mobil and 
other energy companies under a different 
legal theory, alleging that the emissions 
worsened floods and hurricanes and that the 
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Sun’s angle may spark monarch migrations 


ata from tagged monarch butterflies (above) indicate they begin and end their 
4000-kilometer migrations from Canada and the United States to Mexico based on 
a surprising cue: the angle of the noon Sun above the horizon, which changes with 
the seasons and with latitude. Researchers knew these butterflies navigate using 
the horizontal movements of the Sun. Now, in the 10 December issue of Frontiers 

in Ecology and Evolution, Orley Taylor from the University of Kansas in Lawrence and col- 

leagues propose that the butterflies also read changes in the Sun’s vertical position. 

Each summer they launch their migrations, and continue to fly south, when it dips 


between 48° and 57° above the horizon. 
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companies must pay for damages they caused 
and for reducing the risks of future ones. 


Tool tracks threatened species 


CONSERVATION | Collaborators from 
Google and conservation organizations on 
17 December unveiled a tool to analyze pho- 
tos of endangered and threatened species to 
generate useful information about their popu- 
lation trends. The website, Wildlife Insights, 
relies on crowdsourcing: Users upload photos 
of passing fauna taken by motion-sensing 
cameras stationed in the wild. The system 
employs artificial intelligence to identify 
and count unique individuals in the photos, 
based on a tiger’s unique pattern of stripes, 
for example—automating a task that is time- 
consuming for ecologists who examine the 
photos one by one. Uploaded images will 
become part of a worldwide public data- 
base that researchers can study. There are 
countless “hard drives around the world full 
of very, very useful data just sitting there, 
unused,” says Margaret Kinnaird, a wildlife 
practice leader at the World Wildlife Fund. 


AWARDS 


Science wins journalism prizes 


Members of our visuals and news teams were 
honored for work published in 2018. 


“Starry eyes,” an online feature about NASA's 
proposed space telescopes with graphics and 
design by Jia You and Chris Bickel and text by 
Daniel Clery, won an Ozzie Award from Folio for 
visual digital storytelling and a bronze EXCEL Award 
from Association Media and Publishing for website 
design excellence. (See the presentation at 
https://scim.ag/StarryEyes.) 


Chrystal Smith won a gold EXCEL Award from 
Association Media and Publishing for the design of 
the 29 June 2018 issue's cover, “Tomorrow's Earth.” 
The visuals team also won a gold EXCEL Award for 
design excellence for three issues of Science that 
appeared in December 2018. 


Val Altounian received an Award of Excellence 
from the Society for News Design for a 19 April 
2018 illustration about kidney disease. 


Martin Enserink won the American Society of 
Tropical Medicine and Hygiene's Communications 
Award for his 19 July 2018 article, funded by the 
Pulitzer Center, on a young doctor's quest to 
eradicate yaws, a forgotten tropical disease that 
still takes a major toll. 
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Australia’s vulnerable species hit hard by fires 


Endangered plants and animals with small ranges and few individuals are at high risk 


By John Pickrell, in Sydney, Australia 


ntil recently, the Ngunya Jargoon 

Indigenous Protected Area here in 

the state of New South Wales (NSW) 

had the healthiest remaining popu- 

lation of the northern long-nosed 

potoroo, a hare-size wallaby that 
feeds on truffles that grow around the 
roots of gum trees. But in October, after an 
unprecedented drought reduced the forest 
to tinder, an intense blaze incinerated the 
preserve. When ecologists and rangers re- 
turned to survey the damage they found no 
sign of the endangered marsupial, which 
had declined to a few hundred animals. 
Now, “The future of the largest known 
population is in serious doubt,” says Mark 
Graham, an ecologist with NWS’s Nature 
Conservation Council, who has worked for 
20 years to protect the potoroo. 

It isn’t the only Australian species facing 
potentially catastrophic losses as a result 
of the unusually severe and widespread 
wildfires that have so far burned some 
3 million hectares in the eastern states of 
Queensland and NSW—an area nearly the 
size of Belgium. The blazes, which have hit 
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both arid, fire-prone ecosystems and typi- 
cally fireproof wetlands and rainforests, 
have already destroyed the habitats of doz- 
ens of rare animals and plants. Worse news 
may be coming: Peak summer fire season 
still has 2 months to go, and as Science 
went to press, the already parched region 
was bracing for another heat wave. 

“There’s little question that threatened 
species are going to be affected; even com- 
mon species are being pushed towards 
becoming vulnerable by the size of these 
fires,” says Euan Ritchie, an ecologist at 
Deakin University in Melbourne. 

The fires have prevented researchers 
from reaching many study sites to fully as- 
sess the damage. As a result, “We are in the 
fog of war,’ says David Bowman, director of 
the Fire Centre Research Hub at the Uni- 
versity of Tasmania in Hobart. But satellite 
images and other data sources paint a grim 
picture. Some scientists have even watched 
in horror as the automated camera traps 
they use to monitor wildlife instead have 
captured flames reducing their study sites 
to ash. 

In NSW, which covers a large part of 
southeastern Australia, at least 20% of the 
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area protected by national parks has gone 
up in flames. Affected areas include at least 
35 of the 41 total reserves scattered across 
both the Greater Blue Mountains World 
Heritage Area, west of Sydney, and much 
of the Gondwana Rainforests of Australia 
World Heritage Area in the north of the 
state. Officials estimate about 48% of the 
iconic Gondwana reserves, which include 
rainforests that have existed since the time 
of the dinosaurs, have now burned. 
Maurizio Rossetto, an evolutionary eco- 
logist at the Royal Botanic Garden Sydney, 
says that in Nightcap National Park, one of 
the Gondwana reserves, he fears for about 
30 rare tree species and a similar number 
of rare animals, because their habitats 
have likely been destroyed. The park has 
some of Australia’s most biodiverse forests, 
“with high proportions of [species from] 
ancient, endemic lineages that go back to 
Gondwanan times” more than 60 million 
years ago. And it is precisely the absence of 
fire in the forests of Nightcap and nearby 
reserves that has allowed rare tree species 
to persist there, Rossetto notes. “Many of 
these trees have thin bark that does not 
provide protection against fire,’ he says. 
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He is particularly concerned about three 
species, each of which has just a few hun- 
dred remaining trees “tightly grouped in a 
single population.” 

The Gondwana rainforest’s frogs are also 
under threat. One species, the pouched or 
hip pocket frog, is a delicate, 2-centimeter- 
long amphibian that raises its tadpoles in 
pouches on its hips. It needs moist leaf 
litter to survive and “has no tolerance to 
fire,” Graham says. He suspects the fires 
have caused “mass mortality” and won- 
ders whether NSW officials will have to re- 
classify the frog, now listed as vulnerable, 
as endangered. 

In the Greater Blue Mountains, flames 
have ravaged about 50% of its heritage 
reserves, threatening regions inhabited 
by endangered species with small ranges, 
including a shrub called the Kowmung 
hakea, a lizard known as the Blue Moun- 
tains water skink, and the Wollemi pine, a 
“living fossil” discovered in 1994. 

Ross Crates, an ecologist at the Austra- 
lian National University in Canberra, notes 
the mountains are also the “final strong- 
hold” of a critically endangered bird, the 


the largest populations of the long-nosed potoroo. 


regent honeyeater. Just 250 to 400 of these 
striking black-and-yellow nectar feeders 
remain, and an estimated 80% of breeding 
pairs nest in the Greater Blue Mountains. 
The fires have so far destroyed honeyeater 
nesting sites in at least five valleys; some 
had nests that still held chicks. He’s also 
lost about 10% of the 1200 honeyeater 
monitoring stations he set up over the past 
5 years, which can include cameras and 
other sensors. 

Farther west in NSW, well into Aus- 
tralia’s inland, another endangered bird 
faces new peril. The Australasian bittern 
inhabits the Macquarie Marshes, an inter- 
nationally significant protected wetland 
that supports hundreds of thousands of wa- 
ter birds during times of plenty. But Austra- 
lia’s lengthy drought has deprived the marsh 
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of water, and in October fire burned through 
3000 hectares, eliminating 90% of the reed 
bed, the bittern’s key nesting habitat. 

In Queensland, which covers northeast- 
ern Australia, researchers fear fires have 
consumed key habitats within Bulburin Na- 
tional Park, which harbors an endangered 
native macadamia reduced to fewer than 
150 remaining trees. Satellite images sug- 
gest fire may have reached all three parts 
of the park that have the trees, says Diana 
Fisher, a mammal ecologist at the University 
of New England in Armidale. The Bulburin 
fires also menace the silver-headed antechi- 
nus, an endangered shrew-size marsupial 
carnivore. Just a few hundred individuals 
remain, and Bulburin has the largest of the 
three known populations. 

Researchers say even animals that sur- 
vive the fires are likely to face long-term 
challenges. Some silver-headed antechi- 
nus, for instance, might have escaped the 
heat by squeezing into rock crevices, Fisher 
says. But they may emerge to find little 
shelter or food. “If they lose all of their 
leaf litter and ground cover, then they’re 
not going to persist,” she says. In the past, 
antechinus from other areas might have 
repopulated vacated territories, she adds, 
but habitat fragmentation now makes that 
nearly impossible. 

Surviving potoroos, too, will likely have 
to avoid cats and foxes, introduced preda- 
tors that move into disturbed forests “and 
quickly mop up ground-living wildlife,” 
says Mike Letnic, an ecologist at the Uni- 
versity of New South Wales here. “It’s like a 
double whammy.” 

More mobile animals, such as adult 
honeyeaters, probably fled from trouble. 
But the specific types of rare gum tree blos- 
soms that the honeyeaters prefer to feed 
on, and nest near, could be in short sup- 
ply. “It’s about the long-term cumulative 
impacts on breeding success, rather than 
death of individuals,” Crates says. “For a 
species already on the brink of extinction, 
it’s not great.” 

The fires have amplified many scien- 
tists’ complaints that Australia’s current 
government, led by Prime Minister Scott 
Morrison, has failed to acknowledge the 
role of climate change in the drought and 
fires, and has done little to cut national 
greenhouse gas emissions. The looming 
question, scientists say, is whether climate 
change will make catastrophic fire seasons 
like this one—which started unusually 
early—the norm in Australia. If so, Ritchie 
and other researchers say, even Australian 
species and habitats with some level of fire 
tolerance may face existential threats. © 


John Pickrell is a journalist in Sydney, Australia. 
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SCIENCE & SECURITY 


U.S. takes 
aim at foreign 
influence 


Defining “sensitive research” 
remains a sticking point 


By Jeffrey Mervis and David Malakoff 


S. policymakers are making headway 

on the thorny question of how to deal 

with foreign threats to U.S. research. 

Congress has created two new panels 

to wrestle with the topic and an influ- 

ential panel has recommended steps 
that the National Science Foundation (NSF) 
should take. But there is no consensus on 
the core issue of whether protecting national 
security and U.S. innovation requires new re- 
strictions on basic research. 

Concern is rising across the U.S. govern- 
ment that foreign entities, especially the Chi- 
nese government and affiliated institutions, 
are making systematic efforts to steal the 
fruits of U.S.-funded research. The National 
Institutes of Health (NIH) has led the charge 
among federal funding agencies by cracking 
down on grantees who have failed to dis- 
close foreign ties or have violated the confi- 
dentiality of peer review. NIH has examined 
140 such cases to date, says Michael Lauer, 
head of NIH’s Office of Extramural Research 
in Bethesda, Maryland, and has found “a sub- 
stantial compliance issue” in 75% of them. 

In a bid to address those concerns, a ma- 
jor defense bill that Congress approved this 
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Presidential science adviser Kelvin Droegemeier 
will lead a new panel on foreign influences. 


week creates two high-level bodies—one 
inside and one outside the government—to 
search for the right balance between scien- 
tific openness and security. One panel, led by 
the White House Office of Science and Tech- 
nology Policy, will try to harmonize actions 
by more than a dozen agencies to protect fed- 
erally funded research projects from cyber- 
attacks, theft, and other foreign threats. 
The other group, a roundtable convened by 
the National Academies of Sciences, Engi- 
neering, and Medicine, will bring together 
officials from academia, government, and in- 
dustry for discussions on how to assess and 
mitigate the risks posed by foreign collabora- 
tions involving U.S. researchers. 

US. higher education organizations lob- 
bied hard for both bodies. They are hoping 
the White House panel will eliminate mixed 
messages from research agencies about 
what they expect from grantee institutions. 
The roundtable, meanwhile, could help 
build consensus between the research and 
intelligence communities, whose cultures 
and missions differ sharply. 

The defense bill, which also authorizes 
some $738 billion in military spending for 
the current fiscal year, contains a provision 
that raises the hackles of most scientists. It 
orders the director of national intelligence 
to produce an annual report that assesses 
the extent to which foreign entities are try- 
ing to obtain “sensitive research” done at 
US. universities. 

But that exercise will likely inflame the 
long-running debate over what research 
should be protected. In 1985, then-President 
Ronald Reagan issued an order, known as 
National Security Defense Directive 189, that 
creates a bright line: The government should 
classify federally funded fundamental re- 
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search that it feels poses a security risk, but 
leave the rest in the open. It also said that 
fundamental research should “remain un- 
restricted ... to the maximum extent pos- 
sible.” Even so, former President George W. 
Bush alarmed many scientists in 2008 by 
creating a new category of controlled unclas- 
sified research (CUI). Two years later, former 
President Barack Obama preserved that cat- 
egory but suggested it should be a last resort. 

That’s not what has happened, however. 
“Despite good intentions, the number of 
CUI categories has continued to prolifer- 
ate and now stands at 125,” according to the 
new report, prepared by an independent 
group of prominent scientists, known as Ja- 
son, which advises the government on tech- 
nical issues. The report, prepared at NSF’s 
request, says it would be a bad idea for the 
government to limit fundamental research 
that is not already classified in hopes of 
thwarting foreign access. 

“Take a topic like quantum properties— 
any attempt to fence off some aspects of that 
work would strangle basic research across a 
huge swath,” says Ellen Williams, a materi- 
als scientist at the University of Maryland 
in College Park and chair of Jason. (She did 
not participate in the study.) “It’s just crazy.” 

Despite warning against additional re- 
strictions, the report agrees the threat to 
US. research is serious. It suggests univer- 
sities and funders treat failures to disclose 
foreign ties as violations of research integ- 
rity rules, although it does not spell out how 
investigations or punishments might work. 

Citing anecdotal evidence, the Jason re- 
port asserts that some foreign scientists may 
not be familiar with U.S. norms of what con- 
stitutes research integrity. Some Chinese stu- 
dents and scientists working in the United 
States might consider it acceptable to share 
confidential research information with their 
government, it says, referring to a Chinese 
law that “requires a degree of cooperation 
from citizens in ways the United States does 
not.” At the same time, the report chides U.S. 
intelligence agencies for assuming theft in 
cases that “actually appear to be the collegial 
sharing of academic work.” 

Jason admits it doesn’t know the mag- 
nitude of the problem, nor whether rule 
violations are due to simple ignorance or 
deliberate subterfuge. In either case, it says 
NSF should insist that grantee institutions 
implement “more robust” training in ethi- 
cal research practices. 

Lauer agrees that the foreign influence 
problem hasn’t been quantified. And al- 
though he supports more education, he 
thinks enforcement is at least as impor- 
tant. “We have seen so much deception and 
heard so many lies,” Lauer says, “that it’s 
clear to us this is mostly willful activity.” 
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NIH director 
pledges action 
on harassment 
after report 


Panel recommends a 
process parallel to one for 
research misconduct 


By Jocelyn Kaiser 


n a widely anticipated report, an advi- 
sory group last week issued sweeping 
recommendations for cracking down 
on sexual harassment in labs funded by 
the National Institutes of Health. NIH 
Director Francis Collins said he “will 
make every effort” to follow the group’s ad- 
vice. However, he said NIH does not have 
the legal authority to take some key steps, 
which could blunt the report’s impact. 

NIH is already acting on some interim 
recommendations the group made in June 
(Science, 21 June, p. 1117). The agency will 
soon release a procedure it will follow when 
it receives an allegation of sexual miscon- 
duct, and it has set up a phone and web hot- 
line for complaints. It has also stepped up 
enforcement. Since January, NIH has re- 
ceived 105 inquiries (compared with 28 in 
2018), removed 12 principal investigators 
(PIs) from grants, and barred 55 from peer 
review. But Collins said the agency may 
need to go through a formal policymaking 
process to take other steps the report rec- 
ommended. These include requiring grant 
personnel to undergo training to prevent 
sexual harassment and mandating that 
grant personnel check a box on grant ap- 
plications and annual progress reports to 
attest that there have been no sexual ha- 
rassment findings against them. 

Still, observers welcomed the report 
from a 21-member working group that in- 
cluded NIH officials, NIH-funded research- 
ers, and victims of sexual harassment. The 
report “addresses sexual harassment at 
all levels, from institutional leadership to 
protecting the safety and careers of tar- 
gets of harassment,” said Heather Pierce, 
senior director of science policy for the As- 
sociation of American Medical Colleges in 
Washington, D.C. “I really appreciate your 
attention to these issues,” neuroscientist 
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and #MeTooSTEM advocacy organization 
leader BethAnn McLaughlin told the work- 
ing group. 

NIH had come under fire for respond- 
ing slowly to rising concerns about ha- 
rassment. By contrast, in fall of 2018, the 
National Science Foundation (NSF) began 
to require that funded institutions report 
sexual misconduct findings and notify 
the agency when an investigator is put on 
leave because of a harassment investiga- 
tion. After several high-profile harassment 
cases involving federally funded investiga- 
tors made headlines, Collins created the 
working group. 

It followed advice from a National Acad- 
emies of Sciences, Engineering, and Medicine 
(NASEM) panel that sexual misconduct be 
treated “as seriously as research misconduct” 
by establishing “parallel processes” for re- 
porting and handling the two kinds of mis- 
behavior. “Institutions have paid attention 
to research misconduct because NIH has 
tied dollars and funding to it,” said work- 
ing group member Carol Greider, a biologist 
at Johns Hopkins University in Baltimore, 
Maryland. The report calls for similar in- 
centives for confronting harassment. 

The report includes dozens of other rec- 
ommendations for NIH, scientific societies, 
and institutions—including that NIH re- 
structure awards to give trainees indepen- 
dence from investigators, survey staff on 
every grant about workforce climate, and 
provide victims of harassment with funding 
to resume their careers. 

It also urges NIH to work toward reduc- 
ing the concentration of funding among 
straight white male investigators, because, 
as the NASEM report noted, this contrib- 
utes to the risk of sexual harassment by 
creating “hierarchical work environments.” 
That shift could be accomplished in many 
ways, the report said, from working to re- 
duce bias in peer review to rewarding in- 
stitutions that support diversity. 

But legal constraints that NSF, an in- 
dependent agency, did not face preclude 
NIH from acting on several key recom- 
mendations, among them that NIH require 
institutions to notify the agency within 
2 weeks when a PI is found guilty of sexual 
misconduct. Another is the advice that 
when a PI is put on leave because of an 
investigation, institutions inform NIH that 
the reason is sexual harassment concerns. 
NIH officials say they hope the working 
group’s report will help them make the 
case to Trump administration officials for 
new legal authority. “In the meantime,” 
said NIH Associate Director for Science 
Policy Carrie Wolinetz, “we’re going to see 
how close we can get with the authorities 
that we have.” 
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To help the ‘disadvantaged, 
NIH refines its definition 


Agency aims to help economically stressed groups 


By Jeffrey Mervis 


iving in near poverty can be a huge 

obstacle for someone who wants to 

become a biomedical researcher. So 

can a confusing definition of “eco- 

nomically disadvantaged” from the 

National Institutes of Health (NIH), 
which wants to increase the diversity of 
the scientific workforce. Now, the agency 
has sharpened its definition. 

NIH has long offered existing grantees 
additional funding to mentor students and 
early-career scientists belonging to speci- 
fied groups underrepresented in biomedi- 
cal research. The list of groups targeted 
by these “diversity supplements” includes 
Hispanics, African Americans, American 
Indians, and Native Hawai- 
ians, as well as people with a 
disability and the disadvan- 
taged. NIH found some 84% 
of supplement applications 
last year were focused on Af- 
rican American or Hispanic 
students, and they repre- 
sented 90% of all awards. Fewer than 1% 
of proposals cited disadvantaged students. 

NIH officials blame the agency’s old def- 
inition of disadvantaged for that tiny num- 
ber. It defined economically disadvantaged 
students as those living in “an educational 
environment such as that found in certain 
rural or inner-city environments.” “What 
does [that] mean?” asked Michael Lauer, 
who leads NIH’s Office of Extramural Re- 
search in Bethesda, Maryland, in a 26 No- 
vember blog describing the change. The 
phrase “is nearly impossible to evaluate.” 

NIH’s new definition has seven compo- 
nents. Persons are disadvantaged if they 
have been homeless, or if they qualified for 
a free or reduced priced lunch in school or 
a federal Pell Grant for college. NIH also 
invites in those who were in foster care, 
whose parents never graduated from col- 
lege, or who grew up in a rural area or a 
region with a shortage of health profession- 
als. The change applies to all the agency’s 
diversity programs, which serve those from 
high school through postdoctoral training. 

“We wanted to make it easy for students 
to self-identify while not being overly re- 
dundant,” says Jon Lorsch, director of 
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of applications 
are in the disadvantaged 
category 


NIH’s National Institute of General Medi- 
cal Sciences in Bethesda, the hub of NIH’s 
diversity activities. 

Wonder Drake, a professor of medicine 
at Vanderbilt University in Nashville, has 
received several diversity supplements 
and applauds NIH’s move. The new defi- 
nition “may attract more students who 
are immigrants, or poor Caucasians,” she 
says. “Just think how useful their input 
would be in finding solutions to the opi- 
oid crisis, which is ravaging so many low- 
income communities.” 

Drake notes that, as a student, she would 
have met several of the new eligibility cri- 
teria. “I certainly grew up disadvantaged,” 
she says, noting she was raised in rural 
Alabama by a single mother who never 
graduated from high school. 
She is also African American, 
however, so she would have 
qualified in that category 
as well. 

For her diversity supple- 
ments, Drake typically chooses 
students from a racial or eth- 
nic minority “because it’s obvious,” she says, 
and because students of color at Vanderbilt 
who want a research experience tend to seek 
her out. But she also contacts nearby col- 
leges with large numbers of students who fit 
NIH‘°s criteria. “I call up the chair of the basic 
science department and I tell them, ‘I need 
your best student,” she says. The goal is to 
have them complete a research project over 
the summer and then present a poster at a 
scientific conference. “Based on my expe- 
rience,’ she says, “the economically disad- 
vantaged students are sometimes the most 
talented because they have had to overcome 
so much adversity.” 

Lorsch estimates that NIH could accom- 
modate a 10-fold increase in the number 
of applications that cite the disadvantaged 
category—in 2018 there were fewer than 
1l—without straining its budget. Given 
that NIH funds nearly two-thirds of the 
proposals it receives for diversity supple- 
ments, Drake doesn’t understand why 
more of her colleagues don’t apply. 

“T think [the diversity supplements] are 
one of the best kept secrets at NIH,’ she 
says. “And we're doing everything we can 
at [Vanderbilt] to spread the word.” 
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‘Polygenic’ analyses may 
sharpen disease risk predictions 


Genetic background modifies impact of single disease genes 


By Jocelyn Kaiser 


omen who learn that they have a 
mutation in the breast cancer gene 
BRCAI face a wrenching decision. 
Their doctor or genetic counselor 
will likely tell them that women 
with such mutations have, on aver- 
age, a 72% lifetime risk of breast cancer and 
a 44% risk of ovarian cancer. Given that, up 
to half decide to have prophylactic mastecto- 
mies, and many have ovaries removed, too. 

But recent studies show a woman could 
receive a more individualized, accurate can- 
cer risk estimate by factoring in other gene 
variants. A preprint posted last month finds 
that a person’s “polygenic” background influ- 
ences not only the disease risk conferred by a 
BRCAI defect, but also risks from single gene 
mutations linked to colorectal cancer and 
heart disease. Some individuals were very 
likely to develop cancer or heart disease by 
age 75, the analysis showed, whereas in oth- 
ers the risk was not much greater than in a 
person without the high-risk mutation. 

“Tt’s pretty striking,’ says cardiologist and 
geneticist Amit Khera of Massachusetts Gen- 
eral Hospital (MGH) in Boston, leader of 
the study, which is on the medRxiv preprint 
server. “It’s become clear that there are both 
monogenic and polygenic [disease] drivers. 
The future is to assess both.” 

“The message is a very important one for 
patients and clinicians,’ says Teri Manolio 
of the National Human Genome Research 
Institute in Bethesda, Maryland. “Carriers of 
BRCAI mutations or other pathogenic vari- 
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ants don’t invariably develop disease, and 
genomics can be used to help parse carriers 
who are at lower risk.” Others caution, how- 
ever, that risk scores summing how dozens to 
thousands of other genetic variants interact 
with a single major disease gene aren’t yet ac- 
curate enough to use in the clinic. The new 
paper “is teasing at the possibility, but there’s 
a lot of work to be done,” says Harvard Uni- 
versity epidemiologist Peter Kraft. 

MGH cardiology fellow Akl Fahed and oth- 
ers in Khera’s group explored polygenic in- 
fluences on the three important single-gene 
disorders in the United States: familial hyper- 
cholesterolemia, which leads to sky-high 
cholesterol levels and dramatically elevates 
risk of heart disease; Lynch syndrome, a flaw 
in DNA repair that brings a lifetime risk of 
colorectal cancer of about 60%; and inherited 
breast cancer, caused by variants in BRCA/ or 
BRCA2. They took advantage of databases 
that combine medical and genomic infor- 
mation from thousands of people, enabling 
researchers to tally how the many genetic 
variants with subtle effects modify disease 
risks and complex traits such as height. 

Drawing on some 50,000 participants in 
the UK Biobank and 19,000 women tested for 
BRCA genes by the company Color Genomics, 
the team found that polygenic background 
strongly modified the risk of carrying a mu- 
tation in the key genes for the three disor- 
ders. For a small proportion of major disease 
gene carriers, other genetic variants boosted 
their overall risk of cancer or heart disease 
to about 80%, well above the average of 30% 
to 40% that Khera’s group estimated for its 
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Awoman’s genetic background can powerfully modify 
her cancer risk from a BRCAI mutation. 


study populations based on just the single 
disease gene mutations. (The team’s mono- 
genic disease risk predictions are lower than 
many other estimates for several possible 
reasons, Khera notes, including that the UK 
Biobank participants are healthier than the 
general population.) At the other extreme, 
the polygenic analysis suggested that a few 
people with those mutations have much 
lower risks than predicted by their single 
mutation alone, as low as 11% for colon can- 
cer, 13% for breast cancer, and 17% for heart 
disease—not much higher than other people 
in general. 

Khera’s group says adding polygenic data 
to single-gene tests could help people decide 
whether to take aggressive steps to head off 
disease—mastectomy or removal of the ova- 
ries for women carrying BRCA mutations or 
frequent colonoscopies for people with Lynch 
syndrome. But the new study does not in- 
clude enough data for clinical decisions, says 
genetic epidemiologist Antonis Antoniou of 
the University of Cambridge in the United 
Kingdom. Only 116 women in the UK Bio- 
bank sample had BRCA mutations, which he 
notes “is an extremely small number to make 
inferences about risks.” 

Two years ago, Antoniou led a study that 
reported on how polygenic scores influence 
risks in 25,000 carriers of BRCA mutations 
and found nearly as wide a range of overall 
cancer risks. His team has incorporated those 
data into a breast cancer risk estimator along 
with factors such as family history. 

The MGH study is “an important and ex- 
citing paper” that complements other work, 
says David Ledbetter, chief scientific officer 
for the Geisinger Health System in Danville, 
Pennsylvania. His team recently looked at 
92,000 participants in an ongoing genomic 
medicine study called MyCode, focusing on 
those who carried mutations predisposing 
them to 11 rare disorders that affect traits 
such as height, weight, and cholesterol lev- 
els. Incorporating polygenic scores helped 
predict those traits, the group reported on 
25 October in Nature Communications. 

It may be a while before physicians are 
comfortable telling patients how genetic 
backgrounds modify the risk posed by a ma- 
jor disease gene mutation. But some compa- 
nies already offer polygenic scores for cancer 
and other diseases, and tests that combine 
both kinds of information are imminent. 
Before insurance companies agree to pay 
for such tests, Ledbetter cautions, “They’re 
going to want to see much more clinical 
validation’—including for minorities, because 
current polygenic analyses draw on data pri- 
marily from people of European ancestry. 
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SCIENTIFIC COMMUNITY 


Two Asian American women allege bias by HHMI 


Powerhouse institute rejects claims of race, sex bias in separate legal actions 


By Meredith Wadman 


wo Asian American women biologists 

who failed to win renewals of plum 

awards from the Howard Hughes 

Medical Institute (HHMI) are suing 

the private medical research funder, 

alleging discrimination on the basis 
of sex and race or national origin. 

Jeannie Lee, 55, an epigeneticist at Har- 
vard Medical School and Massachusetts 
General Hospital in Boston and a natu- 
ralized U.S. citizen of Taiwanese origin, 
failed in 2016 to win a third renewal of 
her 5-year HHMI Investigator Award. 
She sued in August, asserting that 
a significantly lower percentage of 
Asian American women than whites 
win renewals of these generous em- 
ployment contracts. She is also su- 
ing for age and sex discrimination; 
the suit claims that women aged 50 
or older are less likely to be renewed 
than their male peers. It also alleges 
that Thomas Cech, 72, a white bio- 
chemist and former HHMI president 
with whom Lee is in a scientific dis- 
pute, undermined HHMI’s review of 
Lee’s work. 

Separately, Vivian Cheung, 52, an 
RNA biologist at the University of 
Michigan in Ann Arbor, in March filed 
a Charge of Discrimination against 
HHMI with the U.S. Equal Employment 
Opportunity Commission (EEOC). This 
month, she received an EEOC notice 
giving her the right to sue, which she 
plans to do soon. Her EEOC filing al- 
leges that HHMI’s failure to renew her 
Investigator Award in 2018 was due to 
discrimination based on race, sex, and 
disability. (Cheung has a rare genetic 
disorder causing progressive vision loss.) 

“Who is going to fight this fight for many 
minority women if I don’t?” Cheung asks. 

Lee said in a statement: “I’d rather not 
have to pursue this, but it’s important to 
speak out because any kind of discrimina- 
tion slows scientific progress.” 

HHMI President Erin O’Shea said in a 
written statement, “We are fully confident 
in the integrity of our review process.” She 
added: “We respect Drs. Lee and Cheung 
and value their contributions during their 
tenures as HHMI Investigators. ... While 
we cannot provide details of personnel 
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matters, particularly in cases of litigation, 
we have investigated these claims and be- 
lieve they have no merit.” 

HHMI last month moved to dismiss 
parts of Lee’s lawsuit that allege that it 
breached its contract with her by not re- 
newing her and underpaying her. HHMI 
declined to share data on renewal rates by 
race, gender, and age, and publicly avail- 
able data are incomplete. 

With its $20.1 billion endowment, 
HHMI currently supports 260 scientists 
with coveted Investigator Awards, which 
now provide 7 years of salary and research 


Jeannie Lee received the $100,000 Lurie Prize in Biomedical 
Sciences in 2016, the year the Howard Hughes Medical Institute 
decided to end her Investigator Award. 


support, making each award worth about 
$8 million. Investigators run their labs at 
their home institutions but are employed 
by HHMI. Investigators seeking renewal 
present their work to a peer-review panel 
and HHMI leaders at the institute’s Chevy 
Chase, Maryland, headquarters. 

In September 2016, Lee, an expert in 
how one of two X chromosomes is turned 
off during female development, was judged 
for renewal. During the award term from 
2011 to 2016, she had published 18 research 
papers as senior author, five of them in 
Nature, Science, or Cell; applied for 24 pat- 
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ents; and, in 2015, been elected to the Na- 
tional Academy of Sciences. 

She had also clashed publicly with Cech 
over the workings of an enzyme, polycomb 
repressive complex-2, which helps silence 
gene expression by binding to RNA during 
development and cancer. Lee argued that 
the enzyme binds RNA at specific sites with 
critical functions; Cech, now an HHMI in- 
vestigator at the University of Colorado 
in Boulder, argued that the enzyme binds 
“promiscuously” to RNA. 

Lee’s lawsuit in U.S. District Court in 
Massachusetts alleges that Cech, who 
made the case for his own renewal 
to HHMI peer reviewers earlier on 
that September day, told them that 
Lee’s model had been supplanted by 
his own. When Lee’s turn came, the 
HHMI reviewers repeatedly ques- 
tioned the legitimacy of her model, 
according to the lawsuit. It adds 
that their written comments §ac- 
cused her of being dogmatic and 
“andermin[ing] ... resolution” of the 
dispute with Cech. But according to 
the lawsuit, data from Lee’s lab and 
dozens of articles by other scientists 
had confirmed her model at the time. 
Cech declined to comment on Lee’s 
science, but their dispute continues. 

Lee earned a “C” from the HHMI 
peer reviewers and lost her award, 
whereas Cech earned an “A,” the law- 
suit states. “HHMI applied a differ- 
ent standard to Dr. Cech, choosing 
to credit, reward and renew a white 
man and to discredit, not renew and 
criticize an Asian woman, where both 
had strongly held scientific views on a 
common subject,” the lawsuit alleges. 

Cech, a 1989 Nobel laureate in 
chemistry, says he can’t comment on active 
litigation. But he notes that as president of 
HHMI from 1999 to 2009, he opened In- 
vestigator Award applications to all, end- 
ing institutional nominations with the goal 
of drawing more diverse applicants. “En- 
couraging diversity is a core value for me,” 
Cech wrote in an email. O’Shea’s statement 
also notes that several HHMI programs 
aim to boost diversity and that HHMI is 
“committed to progress” in this area. 

Cheung, who studies RNA processing in 
human cells, won an Investigator Award 
in 2008 and was renewed in 2013. Her 
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Charge of Discrimination alleges that after 
she was diagnosed in 2014, HHMI refused 
at first to grant her accommodations—an 
extra assistant and the ability to work 
remotely—and threatened to terminate her 
contract. Then, before her second renewal 
review, the charge states, HHMI officials 
pressured her to accept a 5-year phaseout 
award. She refused. 

Joan Williams of the University of Cali- 
fornia (UC) Hastings College of the Law in 
San Francisco, who has written on gender 
bias faced by female scientists of color, 
notes that both Cheung and Lee bucked 
authority, Cheung by refusing to accept 
HHM{ls 5-year phaseout funding, and Lee 
by publicly taking on Cech’s science. “The 
research shows that Asian Americans who 
behave in dominant ways rather than def- 
erential ones often trigger dislike by whites 
in the United States,” she says. 

Williams adds that the scientific dispute 
between Lee and Cech may have worked 
against her. “It’s a very, very common pat- 
tern where if there are questions raised 
about the quality of somebody’s work, they 
can be much more corrosive to a person’s 
career if you are not a majority man.” 

Several other Asian American women who 
were discontinued as HHMI investigators— 
one in her late 40s and others in their 
early 50s—spoke to Science of their shock 
and dismay when they were not renewed. 
“Were they prejudiced against me as Asian? 
I think it’s kind of a given. If you are Asian, 
you have to do so, so much better, and that’s 
not even enough. You have to have friends,” 
recalls one, who was senior author on two 
papers in Science, and many others, in the 
term before she lost her award. 

Says another, whose many publications 
included four papers in Nature, Cell, or 
Science in the term before she was dis- 
continued: “I was really shocked. ... For me 
the glass ceiling was everywhere.” 

Still another, Xuemei Chen, 52, is a natu- 
ralized U.S. citizen who grew up in China 
and studies RNA biology at UC Riverside. 
She says she was devastated in 2017 when 
her initial Investigator Award was not re- 
newed. The two white men in her field who 
were also up for review won renewals. “My 
work is no less groundbreaking,” Chen says. 

But neuroscientist Amita Sehgal of the 
University of Pennsylvania’s Perelman 
School of Medicine, who grew up in In- 
dia, says: “I cannot remember a single in- 
stance where at HHMI I felt discriminated 
against or overlooked because of being 
Asian American.” Her HHMI award was 
renewed for the fourth time in 2017, when 
she was 56. After each renewal, she says, “I 
have basically walked away feeling like the 
process was fair.” 
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PEER REVIEW 


Rude reviews are pervasive and 
sometimes harmful, study finds 


Survey finds that “unprofessional” comments abound 


By Christie Wilcox 


here’s a running joke in academia 

about Reviewer 2. That’s the reviewer 

who doesn’t bother to read the manu- 

script a journal has sent out for evalua- 

tion, offers condescending or offensive 

comments, and urges the irrelevant 
citation of their own work. Such unprofes- 
sional conduct is so pervasive there’s even 
a Facebook group, 25,000 members strong, 
named “Reviewer 2 Must Be Stopped!” But it 
is no laughing matter, concludes a new study 
that finds boorish reviews can have serious 
negative impacts, especially on authors be- 
longing to marginalized groups. 

Peer reviewers are supposed to help jour- 
nals publish high-quality science by evalu- 
ating manuscripts and offering 
suggestions for improvement. 
But referee comments often 
stray far from that mission, 
found the study, published 
12 December in PeerJ, which 
surveyed 1106 scientists from 
46 countries and 14 disciplines. 
More than half of the respon- 
dents—who were promised an- 
onymity—reported receiving at 
least one “unprofessional” com- 
ment, which the study defined as those that 
personally targeted a scientist, lacked con- 
structive criticism, or were just unnecessar- 
ily cruel. About 40% said they had received 
more than one such comment. 

One author, for example, received a re- 
view that stated: “The phrases I have so far 
avoided using in this review are ‘lipstick on a 
pig’ and ‘bullshit baffles brains’” Another re- 
ported this missive: “The author’s last name 
sounds Spanish. I didn’t read the manuscript 
because I’m sure it’s full of bad English.” 

“Tt wasn’t like it was just a certain group 
receiving these comments—everybody was 
getting them,” says ecologist Amber Stubler 
of Occidental College in Los Angeles, Califor- 
nia, a lead author of the study. “That is really 
very disturbing in and of itself” 

What wasn’t equal was the toll these re- 
views exacted. White men reported being 
“the least impacted” by rude comments, says 
co-lead author Nyssa Silbiger, an ecologist at 
California State University in Northridge. But 
women, nonbinary individuals, and people of 
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“| didn’t read 
the manuscript 
because I’m 


sure it’s full of 
bad English.” 


Anonymous reviewer 


color were all more likely to report that rude 
reviews increased feelings of self-doubt and 
harmed their scientific productivity. People 
of color were also more likely to say such re- 
views delayed their career advancement. 

Those reports align with other findings 
on what is called stereotype threat—the 
psychological harm caused by pervasive neg- 
ative stereotypes, says psychologist Denise 
Sekaquaptewa of the University of Michigan 
in Ann Arbor. Receiving a review that rein- 
forces a harmful stereotype—such as that 
women or people of color are less intelligent— 
can create distress that results in self-doubt 
and impaired work performance. 

The authors hope their findings will 
spur efforts to curb rude comments, and 
researchers already have some ideas. Linda 
Beaumont, a climate scientist 
at Macquarie University in 
Sydney, Australia, views nasty 
reviews as “another form of bul- 
lying” that should be exposed. 
More journals, she says, should 
take the step of publishing re- 
viewer comments, which are 
typically kept private, alongside 
the final paper. (Silbiger and 
Stubler note that less than 3% 
of the problematic reviews they 
found involved journals with such policies.) 
Beaumont has also called on journals to 
adopt specific codes of conduct for review- 
ers. Ideally, Silbiger says, those codes would 
also specify “serious consequences” for vio- 
lations, including bans. 

Others want journals to end anonymity for 
referees. They note studies have found that 
such “open peer review” can increase the 
quality and professionalism of comments. 
But some early-career researchers oppose 
that idea, fearing it could expose them to re- 
taliation from senior colleagues displeased 
by their critiques. They’d prefer journals use 
double-blind peer review, which hides the 
identities of both authors and reviewers. 

In the meantime, the study’s authors are 
hoping to dive deeper into reviewer com- 
ments, for example to better understand the 
effects of nasty comments, that specifically 
target gender or ethnicity. The current study, 
Stubler says, “sort of scratches the surface.” 


Christie Wilcox is a journalist based in Washington. 
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201 BREAKTHROUGH 
of the YEAR 
’ 


An international team 
of astronomers has 
produced the first ever 
image of a black hole 


By Daniel Clery 


3 PEOPLE’S CHOICE 


assive, ubiquitous, and in some 
cases as big as our Solar Sys- 
tem, black holes hide in plain 
sight. The effect of their gravity 
on objects around them and, 
lately, the gravitational waves 
emitted when they collide re- 
veal their presence. But no one 
had ever seen one directly— 
until April. That’s when an international 
team of radio astronomers released a 
startling close-up image of a black hole’s 
“shadow,” showing a dark heart surrounded 
by a ring of light created by photons zip- 
ping around it. Heino Falcke of Radboud 
University in Nijmegen, the Netherlands, a 
member of the team that produced the im- 
age, said the first glimpse felt like “looking 
at the gates of hell.” That evocative image is 
Science’s 2019 Breakthrough of the Year. 


1434 20 DECEMBER 2019 + VOL 366 ISSUE 6472 


The iconic image of galaxy Messier 87's central black 
hole, showing a ring of photons bent by its gravity. 
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For astronomers, the image is a validation 
of decades of work theorizing about esoteric 
objects they couldn’t see. “I’m still kind of 
stunned,” says astrophysicist Roger Blandford 
of Stanford University in Palo Alto, Califor- 
nia. “I don’t think any of us imagined the 
iconic image that was produced.” In fact, un- 
til recently few astronomers imagined such 
an image was even possible. Black holes are 
very small by cosmic standards and by defi- 
nition emit no light. When they grow to gar- 
gantuan masses, as happens in the centers of 
galaxies, the swirling mayhem of gas, dust, 
and stars stirred up by their extreme gravity 
creates an additional barrier. 

But 2 decades ago, a handful of astrono- 
mers began to wonder whether the hot 
swirling gases close to a giant black hole’s 
edge, or event horizon, might make it visible. 
They glow at many wavelengths, including 
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Asimulation of matter swirling around the black hole 
at the center of Messier 87 and radiating at different 
wavelengths. A bright ring of light orbiting the black 
hole’s shadow shines through the haze, and green 
tendrils of a powerful jet stream from its pole. 


millimeter waves—short-wavelength radio 
waves that can pierce the gas and dust sur- 
rounding a galactic center. Developments in 
technology promised to help. A technique 
known as very-long-baseline interferometry 
(VLBI), which combines data from widely 
spaced radio dishes to simulate a much 
larger telescope, was revealing distant ob- 
jects in finer detail. And improvements in 
receivers, antenna design, and 
digital electronics were allowing 
radio astronomers to capture milli- 
meter waves. By observing at 
those wavelengths, using dishes 
spread as far apart as possible to 
boost resolution, could they make 
out the details of a black hole? 

Maybe, if it were a monster with 
the mass of millions of suns, and relatively 
close by. The 4-million-solar-mass black hole 
at the center of our Milky Way Galaxy, known 
as Sagittarius A* (Sgr A*), was an obvious 
contender, being the closest to Earth at just 
26,000 light-years away. Despite its heft, it is 
a tiny object in galactic terms—it would fit 
inside the orbit of Mercury—and imaging it 
would push VLBI to the limit. 

Early attempts about a dozen years ago 
using telescopes in Hawaii and the main- 
land United States revealed scraps of detail 
of the superheated gas close to Sgr A*. The 
telescopes also got a glimpse of a second 
potential target: the supermassive black 
hole at the center of the nearby galaxy 
Messier 87. Although M87 is 2000 times 
farther from Earth than Sgr A*, its black 
hole, M87*, has more than 1000 times the 
mass so it appears roughly the same size 
in the sky. With observations beginning to 
bear fruit, funding agencies started to chip 
in, and the international Event Horizon 
Telescope (EHT) was born. 

Despite its name, EHT is not a telescope, 
but a consortium involving more than 
200 scientists from across the globe. It ap- 
plies for time on existing telescopes—as 
many and as widely spaced as possible. At 
most telescopes, EHT members must install 
their own equipment, including high data 
rate digital processors and atomic clocks, 
to make the instrument VLBI-friendly. A 
turning point came when EHT enlisted the 
Atacama Large Millimeter/submillimeter 
Array (ALMA). Made up of 66 dishes high 
in the desert mountains of northern Chile, 
it is by far the largest observatory at milli- 
meter wavelengths. Allowing the EHT team 
to come in, open up the hood, and tinker with 
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the engine of this $1.5 billion U.S.-European- 
Japanese collaboration took years of persua- 
sion and several rejected designs, but adding 
ALMA boosted EHT’s sensitivity 10-fold. 

In April 2017, everything was in place for a 
major 10-night observing run. ALMA, along 
with seven other observatories in the United 
States, Mexico, Chile, Spain, and at the South 
Pole, took repeated nightlong exposures of 
both Sgr A* and M87*. “We lucked out with 
the weather,’ says EHT’s founding director 
Shep Doeleman of the Harvard-Smithsonian 
Center for Astrophysics in Cambridge, Mas- 
sachusetts. But it would be almost 2 years 
before the EHT team knew what, if any- 
thing, it had achieved. 

Working in parallel at data cen- 
ters in Germany and the United 
States, separate teams calibrated 
and processed the data, using sev- 
eral different methods, while other 
teams independently checked the 
results. No image was produced 
until the very end, to avoid bias- 
ing the outcome. The teams began to work 
on Sgr A* and M87* in parallel, but focused 
on M87* when they found that the material 
swirling around Sgr A* changed by the hour, 
blurring the image. The action around the gi- 
ant M87* moves at a stately pace, changing 
little over the course of a night. In April, the 
team revealed an image of M87*. The black 
hole’s silhouette—outlined in a ring of light— 
adorned front pages and news reports across 
the globe, and became the most downloaded 
image in the history of the National Science 
Foundation’s website. A description of the ef- 
fort and its implications filled six papers in 
Astrophysical Journal Letters. 

For black hole theorists, that first, rather 
blurry image sprang few surprises, but just 
seeing it was “a glorious affirmation of the- 
ory,’ Blandford says. Albert Einstein’s de- 
scription of gravity, general relativity, predicts 
a black hole’s shadow should be perfectly 
round—a prediction confirmed to within 10% 
by the M87* image. That may rule out a few 
of the wildest alternative theories of gravity 
that aim to supplant relativity, but the EHT 
team will need to squeeze down the error 
bars in future observations to put Einstein to 
more stringent tests. 

The best tests of general relativity could 
come from an image of Sgr A*, which the 
team hopes to finish in 2020. Researchers 
have much more precise data on the mass, 
size, and distance of Sgr A* than of M87*. 
“That will immediately improve the quality 
of constraints [on general relativity]? says 
team member Feryal Ozel of the University 
of Arizona in Tucson. First, though, the team 
needs to sharpen its view of Sgr A*. “We're 
trying to finalize the analysis tools to deal 
with its quirkiness,” she says. 
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Our readers weigh in with their picks 
for the top breakthrough of 2019 


For readers of Science online, this 
was the year of the Denisovans. The 
ancient humans had been known 
only from scraps of fossils found in 
acave in Siberia in Russia. But this 
year, researchers used evidence from 
proteins to identify a fossilized jaw from 
China's Tibetan Plateau as Denisovan, 
indicating they were widespread, 
and genetic evidence to reconstruct 
the face of a Denisovan girl. Those 
achievements are this year’s People’s 
Choice for Breakthrough of the Year. 
We invited visitors to Science's 
website to vote on 12 candidates for the 
breakthrough. A first round of voting 
narrowed the choices to four, anda 
second round, in which more than 
34,000 votes were cast, determined 
the People’s Choice. The Denisovan 
research was the clear winner, followed 
by the development of two promising 
drugs to treat Ebola, the first ever 
image of a black hole—Science’s 
choice—and a newly approved 
treatment for the majority of cystic 
fibrosis patients. The complete results: 


1 Denisovans come into focus 49% 
2 Ebola drugs 25% 

3 Black hole image 15% 

4 Cystic fibrosis drug 11% 


EHT has 11 facilities lined up for the next 
round of observing in 2020, including new 
dishes in Greenland and Arizona and an 
upgraded array in France. Observations will 
soon move to even shorter wavelengths— 
0.86 millimeters instead of the 1.3 millimeters 
used so far. Further in the future, the team 
hopes to add a dozen or so purpose-built 
dishes scattered across the globe and some in 
space, to increase the resolution still further. A 
dish one-third of the way to the Moon, for ex- 
ample, would bring another 20 supermassive 
black holes into imaging range. 

Such expansion would also enable EHT to 
graduate from making still images to “mov- 
ies” of a black hole sucking in material and 
funneling it into high-powered jets that fire 
from its poles millions of light-years into 
space. How those jets are created “is the big 
astrophysical puzzle,’ Blandford says. This 
year’s triumph, he adds, “is the beginning, not 
the culmination, of this research project.” 
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RUNNERS-UP 


A killer impact and its aftermath 


After a giant asteroid hit Earth 66 million 
years ago, 76% of the world’s species, in- 
cluding the big dinosaurs, disappeared. But 
exactly how and when they died, and how 
quickly ecosystems recovered, has been 
unclear. Now, a sediment core extracted 
from the site of the impact on Mexico’s 
Yucatan Peninsula, together with several 
rich fossil finds in the United States, are 
bringing the cataclysm and its aftermath 
into sharp focus. 

In 2016, the International Ocean Discov- 
ery Program drilled into the rugged hills 
around the center of the 193-kilometer-wide 
Chicxulub crater, which now lies mostly 
underwater on the Yucatan coast. The drill- 
ing extracted an 835-meter core, including 
130 meters deposited the day the asteroid 
hit. An examination of the core, published 
this year, provides an almost minute-by- 
minute reconstruction of what happened 
after the impact. Molten rock filled the im- 
pact hole, followed by a hailstorm of debris. 
The ocean surged in, churning the deposits; 
then, by the end of the first day, a tsunami 


c 


Illustration of the Chicxulub impact 
crater on the Yucatan Peninsula ‘ 


in Mexico soon after its creation. 


swept in more material, including charcoal 
from impact-induced wildfires. Even though 
sulfur-rich material was abundant at that 
site, there was little present in the core, 
suggesting it all vaporized and likely helped 
cause rapid global cooling and darkness. 

Thousands of kilometers from ground 
zero, a new site in North Dakota captured 
the catastrophic effects of the impact on 
living things. In less than 1 hour, impact- 
induced seismic activity caused waves of 
water to rush up an ancient river system 
at the site, sweeping living things into 
tumbled deposits. Fossil fish bear a vivid 
fingerprint of the impact: Their gills are 
filled with glass particles, rich in iridium, 
from the impactor itself. 

But life recovered faster than expected, 
as an analysis of pollen, plant fossils, mam- 
mal skulls, and other bones at another site, 
Colorado’s Corral Bluffs, chronicles. Ferns 
and mammals no bigger than rats survived 
the impact, which ended the Cretaceous 
period and marked the beginning of the 
Paleogene, creating the K-Pg boundary. 


Palm trees replaced the ferns within 

1000 years; by 300,000 years, walnutlike 
species dominated; and by 700,000 years 
after the impact, legumes showed up. Mam- 
mals doubled in size and diversity within 
the first 100,000 years, a trend that acceler- 
ated and continued, particularly after the 
legumes appeared; by 700,000 years, some 
mammals topped 50 kilograms. 

Last year, an analysis of tiny shelled 
plankton called foraminifera in the Chicxu- 
lub drill core indicated that the marine 
ecosystem at the crater site was back up 
and running within 30,000 years, much 
faster than anticipated. But recovery was 
slower elsewhere. This year, analyses of 
foraminifera from the drill core and from 
sites around the world documented rapid 
acidification of the oceans following the im- 
pact and suggested a 50% reduction in the 
amount of organic material reaching the 
sea bottom, which may have suppressed 
marine life for 1 million years. 

All these results made for a “superyear” 
in studies of the K-Pg mass extinction, says 
Vivi Vajda, a paleontologist at the Swedish 
Museum of Natural History in Stockholm. 
—Elizabeth Pennisi 
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This artist’s reconstruction 
of a Denisovan girl from 
Siberia is based ona 

new way to infer physical 
features from DNA. 
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Face to face with the Denisovans 


Almost 40 years ago, a Buddhist monk found an odd human jaw bone in Baishiya Karst 
Cave, high on the edge of the Tibetan Plateau. Recognizing that the jaw, with its giant 
molars, was something special, he gave it to another monk, who donated it to scholars. 
But no one knew what to make of it. Then in May, scientists applied a new method of 
analyzing ancient proteins and identified the strange jaw as that of a Denisovan, a mys- 
terious human ancestor who ranged across Asia until some 50,000 years ago, about the 
same time as the Neanderthals. The work brings these enigmatic ancient people into 
focus, and heralds a potential protein-based revolution in understanding ancient life. 

The Denisovans have haunted human evolution researchers for 10 years. Back in 
2010, researchers identified them by sequencing DNA from a fossilized pinkie bone 
found in Denisova Cave in Siberia. The DNA, which came from a girl, differed from 
that of Neanderthals and modern humans. Today, ghostly traces of Denisovans linger 
in the DNA of living people across Asia, suggesting the group was once widespread 
and mingled with both Neanderthals and modern humans. But until this year, only 
a few scraps of additional Denisovan fossils had been identified, all from Denisova 
Cave. Scientists were left guessing what the Denisovans looked like. 

The 160,000-year-old Baishiya jaw yielded no DNA. But a Chinese and European 
team managed to extract collagen, a common protein, from the bone, and match it 
with collagen from the Denisova Cave girl. That suggested the jaw was Denisovan and 
that these mystery humans had robust jaws, big molars, and teeth with three roots. 

In September, another team refined that picture by applying a new technique to the 
Denisova Cave girl’s genome. They traced chemical modifications of the DNA called 
methylation, which can silence genes, then combined that information with a data- 
base that describes how missing or defective genes influence anatomy in living people. 
The results suggested how the methylation pattern of the girl’s DNA might have 
shaped her body. The team concluded that she would have looked a lot like a Neander- 
thal, with a wide pelvis, sloping forehead, and protruding lower jaw. But she also had 
a wider face than modern humans or Neanderthals, and a longer arch of teeth along 
her jaw bone. When the researchers tested their view of the Denisovan smile against 
the newly identified Baishiya jaw bone, it fit almost perfectly. —Elizabeth Culotta 
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Hope for Ebola 
patients, at last 


In 1976, a new virus emerged from the 
rainforest of the Democratic Republic of the 
Congo (DRC, then called Zaire). It killed 
280 people in the village of Yambuku and 
disappeared, only to pop up again sporadi- 
cally with devastating effect. Ever since, the 
name of that virus, adopted from a nearby 
river, has been synonymous with deadly, 
incurable infection: Ebola. This year, that 
characterization began to change. 

In the midst of another outbreak, the 
deadliest in the DRC’s history, scientists 
finally identified two drugs that dramatically 
reduce death rates from the disease. Both 
are antibodies, one isolated from a survivor 
of a 1996 Ebola outbreak, the other a mix 
of three antibodies produced in mice with 
humanized immune systems. In a random- 
ized trial that pitted four different drugs 
against each other, about 70% of the patients 
who received one of those two medicines 
survived, compared with about 50% of those 
given either of the other two drugs. The 
result was so compelling that the trial was 
stopped early. Simply conducting the trial 
was a notable achievement in itself: It was 
carried out in makeshift treatment units in 
the midst of a devastating outbreak and in 
an area of violent conflict. 

The result should help combat the disease 
not only by improving patients’ chances of 
survival, but also by encouraging people to 
seek treatment early. With no effective drugs 
available, people with symptoms have often 
tried to evade detection and sought out tra- 
ditional healers, which has fueled outbreaks. 

More than 40 years after the threat 
from Ebola emerged, the world is finally 
better prepared to deal with the virus. And 
the architect of this victory, the principal 
investigator of the trial, was Jean-Jacques 
Muyembe-Tamfum, the Congolese virologist 
who was instrumental in the discovery of 
the virus in Yambuku. —Kai Kupferschmidt 


ongoing Ebola outbreak in the DRC. 
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Quantum supremacy attained 


In October, the era of quantum computing dawned—maybe. Physicists with Google 
claimed they had used a quantum computer to calculate something no ordinary 
computer could, reaching a milestone known as quantum supremacy. Although a rival 
group disputed the claim, it was widely hailed as a major achievement. But a quantum 
computer that can solve practical problems could still remain decades away. 

A conventional computer manipulates information encoded in bits that can be set 
to either zero or one. A quantum computer uses qubits that can be set to zero, one, 
or both zero and one at once. For certain problems, possible solutions can then be 
represented by different quantum waves sloshing simultaneously through the qubits. 
The wrong solutions can interfere to cancel one another, while the right solution 
pops out. Because the system explores a vast number of potential solutions at once, a 
full-fledged quantum computer could, for example, factor huge numbers much faster 
than conventional computers. That could enable a quantum computer to crack cur- 
rent internet security protocols. 

Google researchers say they have taken a key step toward a functioning quantum 
computer by achieving quantum supremacy with an abstract test problem. Using 
a chip containing 53 qubits made of tiny circuits of superconducting metal, they 
implemented a set of randomly chosen interactions and showed, essentially, that the 
machine would output the correct quantum state. For calculations requiring a few 
qubits, they checked the result with supercomputer simulations. For larger numbers 
of qubits, they employed a statistical measure to help confirm the result. The com- 
parisons showed that the quantum computer calculated in 200 seconds something 
that would take a supercomputer 10,000 years to figure out, the team says. 

Immediately, however, IBM researchers questioned whether Google had truly 
reached its mark. They claimed that, with the right algorithm, a supercomputer could 
solve the problem in as little as 2 days. Other physicists say that to solve practical 
problems, a quantum computer will have to be able to correct errors in its own qubits, 
something that has yet to be achieved. Researchers also face massive practical chal- 
lenges in scaling up from a single machine containing a few dozen qubits to a vast 
array of machines containing 100 million qubits—the number it would take to crack 
internet encryption. The era of quantum computing may have dawned, but we may 
be waiting a while for breakfast. —Adrian Cho 


A‘missing link’ 
microbe emerges 


This year, microbiologists took a major 
step toward resolving a controversy over 
the origin of eukaryotes, the group that 
encompasses all plants and animals— 
including humans. After 12 years of trying, 
a team in Japan succeeded in growing a 
mysterious microbe from deep-sea sedi- 
ments and sequenced its genome. It could 
shed light on the ultimate ancestry of us all. 
The organism, Prometheoarchaeum 
syntrophicum strain MK-D1, is a mem- 
ber of the recently recognized Asgard 
group of microbes, which are not bacteria 
but a completely separate branch of life 
called archaea. The Asgards were known 
only from DNA fragments isolated from 
deep-sea sediments and other extreme 
environments. Surprisingly, those frag- 
ments contain genes formerly thought to 
be found only in eukaryotes—organisms 
with cells that have nuclei and organelles 
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such as mitochondria. Comparative DNA 
analyses indicated the Asgards, or an an- 
cient relative, may have even given rise to 
eukaryotes. That radical idea would shrink 
the domains of life from three—archaea, 
eukaryotes, and bacteria—to two: bacteria 
and archaea, with eukaryotes reduced to 

a subset of archaea. But given the scant 
evidence, many researchers were skeptical. 


It took 12 years 
to culture this 
tentacled deep- 
sea microbe 
(lighter color). 
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An array of chips for Google’s quantum 9 
processor being prepared for testing. 


By growing an Asgard in culture, the team 
in Japan could sequence its full genome 
and confirm that it carries eukaryotic genes. 
The researchers also found that it seems to 
grow best in association with certain bac- 
teria, and that it forms short tentacles that 
might engulf bacterial companions. If so, 
that could explain how an Asgard acquired 
the microbial guests that became mitochon- 
dria. (A paper detailing the findings was 
posted on the bioRxiv preprint archive; it 
has now been accepted for publication.) 

Other studies this year have identified 
more eukaryotic genes in DNA fragments 
from other members of the Asgard group. 
And information derived from DNA about 
Asgard metabolism also bolsters the two- 
domain over the three-domain hypothesis. 
Proponents of both ideas agree, however, 
that events that happened almost 3 billion 
years ago will be hard to reconstruct, and 
that new ideas may emerge as more As- 
gards are studied—and, perhaps, cultured. 
But with one now in hand, researchers 
have a clearer window into that distant 
past. —Elizabeth Pennisi 
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A close-up of a far-out object 


Last year, it was just a tiny gray spot in the 
blackness of space; now, it is Arrokoth. On 
the first day of this year, NASA’s $800 mil- 
lion New Horizons spacecraft swept by 2014 
MU69, a 36-kilometer-wide object some 
6.6 billion kilometers from Earth, in a region 
beyond Neptune called the Kuiper belt. 
Astronomers have discovered thousands 
of objects lurking in the belt, which they 
believe harbors material little altered from 
the early years of the Solar System. But they 
have never had a close-up look. 

New Horizons revealed that Arrokoth— 
MU69’s new official name, after the 
Powhatan and Algonquian word for “sky’— 
consists of two pristine planetary building 
blocks that resemble lumpy pancakes, joined 
at a narrow neck. Relatively free of craters, 
Arrokoth’s two icy lobes formed separately 
at the Solar System’s beginning, likely con- 
densing out of the same cloud of dust. Their 
odd shape and unmarred, homogenous 
surfaces support a new notion for how 
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Arrokoth, a 
remnant of the 
early years of 

the Solar System. 


planetary building blocks form. They don’t 
grow by collision after collision. Rather, soon 
after the Sun formed, static electricity drew 
together dusty grains into centimeter-size 
pebbles; the swirl of the primordial nebula 
then caused the pebbles to flock together 
into gathering clouds, which gravitation- 
ally collapsed into kilometer-size lumps. 
This “streaming instability” can explain 
why Arrokoth has two lobes: The pebble 
cloud rotated faster as it collapsed, develop- 
ing turbulence that fractured it. Two of the 
pieces drew close until their axes aligned, 
and mutual attraction pulled them together 
in a gentle kiss. 

Much work remains to be done; the space- 
craft will not even finish beaming back all 
its observations of Arrokoth until the end 
of 2020. Even then, its mission may not be 
over: The New Horizons team is now using 
the probe’s telescope to search for a new 
Kuiper belt target to visit, one too small for 
any telescope on Earth to see. —Paul Voosen 
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RUNNERS-UP 


4 PEOPLE’S CHOICE 


In a first, drug treats most cases of cystic fibrosis 


In October, scientists celebrated a milestone 
for gene-based drugs: the approval of an 
effective treatment for most cases of cystic 
fibrosis (CF). The treatment, a triple-drug 
combination called Trikafta, corrects the ef- 
fects of the most common mutation behind 
the lung disease. For those who have the 
mutation—about 90% of all CF patients—it 
could convert CF from a progressive disease 
into a more manageable chronic illness. 
Trikafta is the upshot of 30 years of research 
since the CF gene, CFTR, was discovered. 
CF strikes when a child inherits two 
mutated copies of the gene, and life expec- 
tancy for patients born today averages in 
the mid-40s. Trikafta builds on other CF 
drugs made by the company Vertex Phar- 
maceuticals, which target different defects 
in the CFTR protein. The first, Kalydeco, 
was leveled at a rare mutation called 
G551D, which affects about 4% of patients 
in the United States. In these patients, 
the CFTR protein fails to open its “gate” 


nm @ 
A model of the CFTR protein (green), 
which is defective in cystic fibrosis, 
at the cell surface. 


and let chloride pass through—which, like 
other defects in CFTR, leads to a buildup 

of mucus in the lungs. Kalydeco mended 
this defect and was approved in 2012. Ver- 
tex then combined Kalydeco with another 


Supplements that improve gut microbes could be a game changer for children like this infant in Bangladesh. 


Microbes combat malnourishment 


Each year, millions of severely malnour- 
ished children fail to recover completely, 
remaining stunted and sickly even after 
they are well fed. Ten years of research has 
pointed to a root cause: Their gut microbes 
do not mature. This year, an international 
team built on that research to come up 
with a low-cost, easy-to-obtain supplement 
that preferentially stimulates the growth 
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of beneficial gut bacteria. The supplements 
performed well in a small trial, and larger 
scale clinical trials are now underway 

to see how well the supplement works to 
prevent stunting. 

Earlier research determined that mal- 
nourished children who fail to recover 
have gut microbial communities—or 
microbiomes—characteristic of infants, 
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drug aimed at repairing the effects of a dif- 
ferent mutation, F508del, which misfolds 
CFTR and prevents it from reaching the 
cell surface. But this two-drug formulation, 
Symdeko, proved less effective than hoped. 

Trikafta adds a third drug to the mix to 
enhance the strategy’s effectiveness. The 
triple combination, which is geared to CF 
patients who carry at least one copy of 
F508del, helps CFTR reach the cell mem- 
brane and open its gate. In clinical trials 
the drug boosted lung capacity by 10% to 
15% and blunted CF complications. 

Questions remain about how early to 
start the treatment—it’s now approved 
for ages 12 and up but is being tested on 
younger children—and how to design 
new drugs for the 10% of patients whose 
disease isn’t targeted by Trikafta. 

Amid the excitement looms a shadow, 
however: Trikafta has a list price of more 
than $300,000 a year, and presumably must 
be taken for life. —Jennifer Couzin-Frankel 


and that more mature microbiomes are key 
to responding well to nourishment. The 
team first pinpointed 15 types of bacteria 
that characterize a mature gut micro- 
biome. They also identified blood markers, 
including proteins, that signal a recovery 
from the effects of malnutrition. They then 
tested various combinations of food readily 
found in developing countries to see how 
the microbiome responded, first in mice, 
then in pigs, and finally in a small group of 
malnourished children. 

Milk powder and rice, standard compo- 
nents of food aid, did little to foster expan- 
sion of the key bacteria, but supplements 
containing chickpeas, bananas, and soy 
and peanut flours helped the microbiomes 
mature. After a short clinical trial, children 
who received the supplements had more 
of the blood proteins and metabolites that 
are markers for normal growth. 

More children are being followed 
for longer periods to see whether these 
changes translate into recovery from stunt- 
ing, the final proof that improving the 
microbiome can help solve this worldwide 
problem. If it can, and particularly if the 
treatment can be provided outside a hospi- 
tal, at home—a recent trend for combatting 
this problem—“the impact could be huge,” 
says Eric Pamer, a physician scientist at the 
University of Chicago in Illinois. 

—Elizabeth Pennisi 
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Artificial intelligence masters multiplayer poker 


This year, an artificial intelligence (AI) pro- 
gram beat some of the world’s best players 
in the most popular version of poker, no- 
limit Texas Hold ’em. The landmark result 
marks the first time AI has prevailed in 

a multiplayer contest in which players have 
only imperfect information about the state 
of the game. 

AI has been trouncing humans in games 
at a spectacular rate. In 2007, computer sci- 
entists developed a program guaranteed not 
to lose at checkers. In 2016, another team 
developed an AI program that defeated 
the best humans at Go, a board game with 
vastly more configurations than checkers. 

Poker presents a stiffer challenge, as 
players cannot see their opponents’ cards 
and thus have limited information. In 2017, 
computer scientists developed an AI pro- 
gram unbeatable at a two-player version 


of Hold ’em—in which each player forms 
a hand from five cards laid face up on the 
table and two more each holds privately. 
Now, AI has bested world-class players 
in the full multiplayer game, as computer 
scientists at Carnegie Mellon University 
in Pittsburgh, Pennsylvania, announced in 
August. By playing 1 trillion games against 
itself, their program, Pluribus, developed a 
basic strategy for various kinds of situa- 
tions—say, playing for an inside straight. 
For each specific hand, it could also think 
through how the cards would likely play 
out. In 20,000 hands with six players it 
outperformed 15 top-level players, as mea- 
sured by average winnings per hand. 
Pluribus played differently from 
programs for two-player games. Those 
programs sought out a no-lose strategy, 
known as a Nash equilibrium, which guar- 


antees that, on average, their opponents 
would do worse unless they also played 
with the exact same strategy. With multiple 
opponents, there is no such guarantee, so 
Pluribus simply learned what was most 
effective in a given situation. The program 
also taught itself to play while running 

on a single server with 64 processors— 
whereas the Go-playing program required 
more than 1200 processors. 

AI developers aren’t done playing games. 
In poker there’s still room for improve- 
ment. Although Pluribus can bluff, it 
cannot adapt its strategy to exploit an op- 
ponent’s particular weaknesses. Some more 
complex games such as contract bridge 
remain unmastered. Still, the most famous 
objective in the application of AI to games 
has fallen to the computers. It may be time 
humans cashed in their chips. —Adrian Cho 
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The Amazon ablaze 


Forest fires consumed thousands of 
square kilometers of the Amazon this 
year, and many blame the policies of 
Brazil’s new president, Jair Bolsonaro, 
for fanning the flames. 

Brazil’s National Institute for Space Re- 
search (INPE) estimates the number of fires 
in the Amazon increased by 44% compared 
with 2018. One factor was an increase in 
deforestation, to about 9700 square kilo- 
meters in the 12 months through July, the 
largest area since 2007-08, INPE reported 
in November. Ranchers and farmers cut 
down and sell valuable trees and then 
burn the forest to make space for planting 
crops or raising cattle. Remote sensing indi- 
cated that this year’s fires tended to be far 
away from where crops are grown, suggest- 
ing ranchers were probably responsible. 

Since becoming president in January, 
Bolsonaro has pushed for agricultural devel- 
opment in the Amazon and cut the budget 
for environmental protection. After the fires 
started, Bolsonaro blamed nongovernmental 
organizations for setting them, and called 
the deforestation figures “a lie.” 
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When the director of INPE defended the 
integrity of the agency’s analyses, he was 
fired. The conflagration and Brazil’s re- 
sponse drew international opprobrium. The 
United Nations offered assistance, which 
Bolsonaro declined, and Germany and Nor- 
way stopped donating to the Amazon Fund, 
which supports forest protection. After 
the international outcry, Bolsonaro sent in 
the military to help fight the fires, which 
dropped off sharply in October. —Erik Stokstad 


Measles resurgent 


Measles came roaring back in the United 
States this year and continued an upsurge 
around the world. Poverty, displacement, 
conflict, and—particularly in the United 
States and Europe—vaccine misinforma- 
tion are all playing a role in the resurgence 
of a virus that killed an estimated 142,300 
people in 2018, and for which there is a 
highly effective vaccine. 

In the United States, 1276 measles cases 
were reported to the U.S. Centers for Disease 
Control and Prevention through 5 Decem- 
ber, the highest tally since 1992. More than 
75% of the cases were linked to outbreaks in 
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A burned. area of Amazonian forest 
in Brazil’s Para state on 27 August. 


New York, primarily among unvaccinated 
people in Orthodox Jewish communities. 
The number of cases reported in the 
World Health Organization’s (WHO’s) 
European Region reached 92,000 in the first 
half of the year, exceeding the tally for all of 
2018, previously the worst year this decade. 
Globally, the picture was worse. WHO 
received more than 440,000 confirmed 
measles case reports through 5 November— 
25% more than in all of 2018 and more than 
twice the number in 2017. The real numbers 
are likely much larger; WHO estimates that 
fewer than one in 10 cases is reported. Its 
estimate of actual 2018 cases: 9.8 million. 
Several countries were particularly 
hard hit. A Ukrainian epidemic spawned 
by political upheaval and vaccine mis- 
information led to 56,802 case reports 
through September. In Africa, Madagascar 
contended with more than 126,000 
cases between January and April, before 
a nationwide emergency immuniza- 
tion campaign dramatically curbed the 
epidemic. The Democratic Republic of the 
Congo suffered still higher numbers: It 
reported 269,079 cases by 2 December, lead- 
ing to 5430 deaths, mostly in children un- 
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der 5 years old. And in the tiny nation of 
Samoa, where childhood vaccination rates 
had dropped to about 30%, an outbreak 
sickened some 4898 people as of 

2 December and killed 71. —Meredith Wadman 


Bird counts dwindling 


A sobering study has documented an almost 
30% drop in the number of North American 
birds since 1970, with common birds such 
as sparrows and blackbirds declining as 
well as rarer species. The losses have raised 
fears that many species could go the way 

of the passenger pigeon, a species once so 
abundant that its extinction in the early - : 9 
1900s seemed unthinkable. Habitat losses A | th h ! t k 

and ecosystems under stress from pollu- n e even our C Ima e awa ening = 
tion, climate change, and development are U.S. public acknowledges climate threat while politicians stall 


among the leading causes. ; : ; 
US. and Canadian researchers com- Advocates for stronger U.S. action on climate change took heart this year from 


bined data from annual spring censuses, signs that public opinion is swinging their way. Numerous polls showed a rising 
the Audubon Christmas Bird Count, an proportion of Americans believes climate change is real, humans are contribut- 
ing, and government and industry should take steps to address it. But that shift 
in public opinion has not resulted in political action at the national level—in fact, 
the Trump administration pulled back several key climate change regulations 
this year. And with unprecedented wildfires in Australia and North America, coral 
bleaching in the Pacific Ocean, and a deadly heat wave in Europe making the cost 
of warming unmistakable, governments’ failure to curb global greenhouse gas 
emissions ignited protests around the world. 

Asurvey by The Washington Post and the Kaiser Family Foundation found that 
almost 80% of Americans now agree that human activity is fueling global warming, 
the most familiar birds are in trouble: Nine- and close to 40% call climate change a “crisis,” almost double the number willing to 
teen common species have each lost more use that term 5 years ago. A Pew Research Center survey found a similar shift: Fifty- 
than 50 million birds since 1970. seven percent of Americans now consider climate change a “major threat” to the 

All told, North America now has 3 bil- United States, up from about 40% in 2013. But surveys also reveal deep divides by 
age, geography, and political affiliation, with older people, those living in the Midwest 
and Rocky Mountain regions, and those who identify as conservative less likely than 
other groups to see climate change as a serious threat requiring action. 

Local governments in the United States are responding to public concerns. 
Although most Democratic politicians have long backed government action 
on climate change, most Republicans have not. But this year, many Republican 
officials publicly changed their tune. Florida’s Republican governor created a 
position for a science adviser to help figure out how the state should deal with 
rising seas and other climate-related challenges. The U.S. Congress, too, saw a 
glimmer of cross-party cooperation, with lawmakers in both the Senate and the 
House of Representatives establishing bipartisan caucuses to discuss climate. 

Yet the Trump administration has forged ahead with a range of policies, includ- 
ing withdrawing from the Paris climate pact and rolling back emission limits on 
power plants and automobiles, that experts say will make it more difficult for the 
United States and the world to curb emissions of greenhouse gases. Overseas, 
like-minded governments in Australia and Brazil also backed away from efforts 
to address climate change. And this month at a meeting in Madrid, nations that 
have signed the Paris pact continued to disagree on how exactly to achieve 
even the relatively modest commitments they have made, let alone strive for 
the deeper emissions cuts needed to head off dangerous climate change. 

Such political developments, together with the world’s continuing appetite for 
fossil fuels, have cast a pall over efforts to curb warming. Despite the dramatic 
growth of renewable energy sources such as wind and solar, global emissions 
of greenhouse gases will keep rising if current energy trends continue, the 
International Energy Agency (IEA) in Paris concluded last month. To make real 
progress, IEA Executive Director Fatih Birol said, “We will need to see great 
political will around the world.” —David Malakoff 


Activist Greta Thunberg addressing 
a rally in New York City demanding 
political action on climate change. 


international assessment of shorebirds, and 
aerial studies to look for population changes 
in 529 species. Thanks to conservation 
efforts, waterfowl and raptors are thriving. 
But birds living along shorelines are not 
doing so well—sanderlings and plovers are 
down by about one-third—and the number 
of birds that inhabit grasslands has declined 
by about 50% over the past 50 years. Even 


lion fewer birds, but the situation is not 
hopeless, researchers say. Reversing habi- 
tat loss could stabilize populations. And 
simple steps, such as keeping cats indoors 
and planting native plants, can help, says 
a coalition of conservation groups that has 
come up with policy recommendations 
and an action plan for citizens. 

—Elizabeth Pennisi 
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Yellow-headed blackbirds. Even some familiar species, 
such as blackbirds and starlings, are declining. 
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Mapping words reveals emotional diversity 


Semantic networks reveal cultural variability in emotion 


By Asifa Majid 


fter seeing an elephant mother stand- 
ing over her dead infant’s body, prod- 
ding the baby as if to wake it up (J), 
it is hard not to believe that elephants 
grieve—just as we do. It seems some 
emotions are so elemental that they 
are evident even in nonhuman animals. At 
the same time, some cultures’ emotional 
worlds may appear utterly alien to others (2). 
For example, in Papua New Guinea, Baining 
hosts feel awumbuk when guests leave after 
having stayed overnight. Awuwmbuk, which 
has been called a 3-day “social hangover” (3), 
leaves people listless, unable to wake in the 
morning or to complete mundane tasks. How 
do we reconcile these disparate observations? 
Does each culture have its own emotional 
universe, or is there a bedrock of similarity 
that unites us all? Centuries of debate have 
not resolved the issue, but on page 1517, Jack- 
son et al. (4) present the most ambitious 
cross-cultural study to date of emotion con- 
cepts, mapping semantic networks for more 
than one-third of the world’s languages to 
reveal substantial variability in how emotion 
concepts are expressed cross-culturally. 
It is difficult to study the subjective, phe- 
nomenal aspects of emotions, but language 
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can provide insight into how people concep- 
tualize their inner worlds (5). Communicative 
need and cultural preoccupations lead peo- 
ple to assign words to specific concepts, so 
when unrelated languages exhibit recurrent 
patterns despite idiosyncratic differences 
between cultures, this is indicative of com- 
mon conceptualizations. Using a database of 
more than 2000 unique concepts, including 
24 emotion concepts, Jackson et al. examined 
the semantics of emotion across 2474 lan- 
guages, from 20 language families, by estab- 
lishing how emotion concepts are connected 
to one another. This builds on a venerable 
tradition in linguistics where the meaning of 
a word is determined not only on the basis 
of what it refers to, but also through the re- 
lations between words. Jackson et al. relied 
on data about “colexifications” where a single 
word is used to refer to multiple concepts. 
Persian, e.g, does not have distinct words for 
“grief” and “regret”; instead cenduh refers to 
both. In Dargwa (spoken in the Republic of 
Dagestan), the term dard is used for “grief” 
and “anxiety.” Using network analyses on 
such colexifications in thousands of lan- 
guages, Jackson et al. show that the semantic 
structure of emotion concepts varies mark- 
edly across language families. They find that 
the semantics of emotion vary far more than 
the semantics of color, a domain with known 
cross-linguistic variation (6). The variation is 
not unbounded, however. Jackson et al. find 
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that all languages differentiate emotions pri- 
marily by valence and arousal. Moreover, the 
closer languages are geographically, the more 
similar their networks. 

These findings raise the question of 
whether emotion semantics are similar 
among neighbors because of shared com- 
municative or cultural needs. Other work 
suggests that people from Western indi- 
vidualistic cultures report their ideal af- 
fective state as involving high arousal (e.g., 
“happiness” = being upbeat), but people 
from Eastern collectivist cultures prefer 
low-arousal emotions (e.g., “happiness” = 
being solemn and reserved) (7). Such broad 
differences suggest similar cultural scripts 
among neighbors. Jackson et al. leave open 
the question of what drives similarities be- 
tween neighboring languages. They may 
borrow nifty concepts from their neighbors 
(e.g., English has borrowed Schadenfreude 
from German) or may inherit a concept 
from a common ancestor (e.g., English rue 
and German Reue for “remorse” are both 
inherited from proto-Germanic *hrewwo0). 
Because languages that descended from a 
common ancestral language (like English 
and German) are found close together, 
Jackson et al. do not adjudicate between 
borrowing versus inheritance, but they 
pave the way for such explorations through 
phylogenetic methods and computational 
simulations of historical process (8). 
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One of the exciting things about the 
Jackson et al. study is that it incorporates 
data from small languages, with speakers 
numbering in the thousands, as well as 
large languages with millions of speakers 
that are the usual target of cross-cultural 
study. But it is important to be aware of the 
limitations of their data. Perhaps the geo- 
graphical similarities do not reflect shared 
emotion semantics so much as shared tradi- 
tions of linguistic description. For example, 
most small languages are underdescribed, 
and much of what we know about them 
comes from lists of words they use. Because 
field linguists usually work on languages in 
a particular part of the world, they may use 
a lingua franca to elicit word lists from mul- 
tiple languages. This can make such lists 
prone to areal traditions of nomenclature 
and analysis, and to the well-known limita- 
tions of translation (9), especially fraught 
with potential for semantic slippage and 
misunderstanding when translating ineffa- 
ble emotion concepts. Hence, apparent sim- 
ilarity between neighboring languages may 
be influenced by the methodological and 
analytic choices of linguists. A challenge for 
the future is to establish word meanings not 
just through translation, but also through 
systematic elicitation methods (J0). 

In the approach taken by Jackson et al., 
concepts are treated as Platonic ideals: There 
are things in the world (e.g., “grief” and “re- 
gret”), and words that simply refer to these 
preexisting concepts. Jackson et al. show dif- 
ferences in the connectivity between these 
concepts. But the basic assumption of univer- 
sal concepts is problematic, because numer- 
ous studies find tremendous variation in the 
concepts themselves (/7). For example, if a 
language has a single term that encompasses 
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the continuous color spectrum of hues rang- 
ing from green to blue, it seems wrong to say 
that the language has two concepts “green” 
and “blue”; instead, it is more parsimonious 
to posit the unitary concept “grue.” Similarly, 
if a language has a term encompassing “grief” 
and “regret,” as in Persian enduh, one might 
wonder whether there are really two distinct 
concepts in Persian rather than a single un- 
derlying meaning. This reflects a general de- 
bate in which some linguists favor analyses 
of meaning in terms of polysemy (multiple 
concepts) and others monosemy (unitary 
concept). If basic concepts differ as indicated 
by prior work (72), then comparing networks 
across languages becomes even trickier. 

None of this undermines the diversity un- 
covered by Jackson et al. If anything, it sug- 
gests that there may be more variation to un- 
pack. Whereas previous studies have focused 
on close comparison of one or two cultures 
and a limited selection of emotions, the un- 
precedented scale of Jackson et al’s study 
reveals considerable cross-cultural variation. 
Their work clarifies how people conceptual- 
ize emotions through language, although not 
necessarily how people experience emotions. 
This leads back to the question of whether 
different ways of talking about emotions 
change how people experience emotions. 
Some evidence suggests that it does not (72, 
13); other studies show compelling evidence 
for such an influence (14, 15). Jackson et al’s 
important contribution can enable research- 
ers to pinpoint where languages differ in 
their emotion semantics to guide future em- 
pirical inquiry, and then perhaps we will fi- 
nally be able to answer this most fundamen- 
tal of questions. 
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IMMUNOLOGY 


Mitochondrial 
DNA promotes 
autoimmunity 


Stressed mitochondria 
leak DNA fragments that 
induce inflammation 


By Mary K. Crow 


he immune system provides essen- 
tial protection from microbial infec- 
tion but can damage tissue when its 
functions are excessive, sustained, or 
insufficiently regulated. In autoim- 
mune disease, T lymphocytes and 
autoantibodies (antibodies directed to 
“self”-antigens) target the immune re- 
sponse to host tissue. But innate immunity, 
the first response to infection or cell stress, 
is also important in orchestrating patho- 
logic immune responses in autoimmune 
diseases. The type I interferon (IFN) family 
of innate immune cytokines contributes to 
the aberrant immune functions of systemic 
lupus erythematosus (SLE) and _ several 
other autoimmune diseases (1). Self-nu- 
cleic acids induce type I IFN in SLE, but 
the mechanisms are not clear. On page 
1531 of this issue, Kim et al. (2) show that 
pores formed by oligomerization of the 
mitochondrial voltage-dependent anion 
channel (VDAC) allow short mitochondrial 
DNA (mtDNA) fragments from stressed 
mitochondria to enter the cytosol, which 
may then induce type I IFN production. 

In SLE, autoantibody-containing im- 
mune complexes promote tissue damage 
and variable symptoms that include rash, 
arthritis, kidney disease, and cardiovas- 
cular disease. White blood cells from SLE 
patients demonstrate a type I IFN “signa- 
ture” characterized by increased expres- 
sion of hundreds of IFN-regulated genes 
(1). Sustained activation of the IFN path- 
way supports differentiation of T follicular 
helper cells, development of autoantibody- 
producing plasma cells, and recruitment 
of inflammatory cells that produce tissue 
damage. Candidate cellular pathways that 
could induce type I IFN in SLE include 
the endosomal Toll-like receptors (TLRs), 
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particularly TLR7, which recognizes single- 
stranded RNA in lupus immune complexes 
(3), and cytosolic sensors of DNA or RNA 
that engage the adapter STING (stimulator 
of interferon genes) (4). RNA-containing 
immune complexes are found in sera 
from many patients with SLE and have a 
well-established role in TLR7-dependent 
production of type I IFN by plasmacytoid 
dendritic cells, robust producers of the 
type I IFN-a cytokine (3, 5). The relevance 
of the cytosolic pathways and their nucleic 
acid triggers in SLE pathogenesis is less 
well established. 

Conditions of oxidative stress that gen- 
erate mitochondrial reactive oxygen spe- 
cies (mMROS) can cause mtDNA damage 


age persisted over time, it could amplify 
established autoimmunity through effects 
of type I IFN on T and B lymphocytes and 
neutrophils, inducing clinically important 
disease flares. 

The study by Kim et al. identifies a role 
for mitochondrial stress in inducing oligo- 
merization of VDAC, a molecule in the 
outer mitochondrial membrane that con- 
trols entry and exit of metabolites. The 
authors demonstrate that interaction of 
amino-terminal amino acids of VDACI1, one 
of several VDAC proteins, with mtDNA ini- 
tiates pore formation. Mitochondria with 
increased mROS release small fragments 
of mtDNA into the cytosol through the 
VDAC pore, triggering induction of type I 


Release of mitochondrial DNA induces interferon production 
Moderate amounts of environmental or endogenous stress promote mtDNA (nucleoids) to become 
fragmented. Interaction of these fragments with VDAC induces its oligomerization to form pores. 
mtDNA fragments enter the cytosol, where they activate the sensor cGAS and, in turn, STING-mediated 
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and single-stranded breaks, which can 
lead to mtDNA degradation. The resulting 
fragments might be a stimulus for type I 
IFN production (6). In contrast to nuclear 
DNA, mtDNA includes CpG sequences that 
are less methylated, is packaged into DNA- 
protein complexes (nucleoids) rather than 
associated with histones, and may have less 
robust DNA repair mechanisms. Release 
of mtDNA might stimulate cytosolic DNA 
sensors, including cyclic guanosine mo- 
nophospate (GMP)-adenosine monophos- 
phate (AMP) synthase (cGAS), and activate 
the downstream kinase TANK-binding 
kinase 1 (TBK1) and the transcription fac- 
tor interferon regulatory factor 3 (IRF3) 
after engaging STING, an inducer of type 
I IFN production. mtDNA that has been 
modified by ROS or other cell stressors is a 
particularly effective inducer of type I IFN 
(7). Thus, mtDNA could be an initiator of 
SLE by providing a trigger for innate im- 
mune system activation. If mtDNA leak- 


1446 20 DECEMBER 2019 + VOL 366 ISSUE 6472 


IFN through a signaling pathway that in- 
volves STING (see the figure). 

The authors find increased VDAC oligo- 
merization in spleen cells from a mouse 
model of SLE and in white blood cells from 
several SLE patients. Administration of an 
inhibitor of VDAC oligomerization, VBIT- 
4, to SLE mice reduced accumulation of 
cytosolic mtDNA, decreased expression of 
type I IFN-regulated genes, and abrogated 
features of autoimmune disease, including 
autoantibody production. Although inhibi- 
tors of the VDAC pore might be effective 
in reducing stimulatory mtDNA, the im- 
portance of the VDAC pore for transport of 
essential metabolites could complicate use 
of VDAC inhibitors as therapeutics for SLE 
or other disorders (8). 

An important aspect of the study of Kim 
et al. is that the model reflects the effect 
of moderate levels of mitochondrial stress 
that do not result in cell death. Although 
a macropore formed by the proteins BAX 
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(Bel-2 associated X) and BAK (Bcl-2 homol- 
ogous antagonist/killer) mediates mtDNA 
release to the cytosol under more extreme 
conditions, leading to programmed cell 
death (apoptosis) (9), formation of VDAC 
oligomers may occur under conditions of 
milder stress, induced by environmental 
factors, including microbial infection, or 
host factors that prime mitochondria for 
sensitivity to endogenous stressors. 

Beyond their essential role in energy 
metabolism, the capacity of mitochondria 
to interpret external signals through modi- 
fication of mtDNA and the outer mitochon- 
drial membrane is of considerable interest. 
The pathogenic bacterium Streptococcus 
pyogenes encodes a protein that promotes 
transport of mtDNA to the cytosol, trigger- 
ing production of type I IFN as a mecha- 
nism to modulate the immune response 
(10). Of relevance to mechanisms of lupus 
nephritis, a clinical manifestation of SLE 
reflecting kidney damage, a genetic vari- 
ant of apolipoprotein L1 (APOLI), which 
is associated with increased risk of end- 
stage renal disease in African Americans, 
encodes isoforms with the capacity to form 
oligomers that promote opening of mito- 
chondrial pores and induction of type I 
IFN (11). Thus, the study of Kim et al. sug- 
gests that pores formed by VDAC oligo- 
mers could be relevant in additional situ- 
ations of mitochondrial stress. 

In SLE, genetic variability and encoun- 
ters with environmental stressors may 
determine the relative contributions of 
endosomal TLR signaling and sensing of 
cytosolic DNA in individual patients. The 
demonstration by Kim e¢ al. that transfer 
of mtDNA to the cytosol occurs under rela- 
tively benign conditions of mitochondrial 
stress suggests that induction of type I 
IFN through sensing of mtDNA could be 
applicable to many patients and different 
environmental triggers. In light of their 
data, investigating the contribution of 
mtDNA to innate immune responses in the 
pathogenesis of SLE and other diseases 
is warranted. 
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ORGANIC CHEMISTRY 


Producing adipic acid without the nitrous oxide 


Synthesis of nylon monomer from butadiene avoids emission of a potent greenhouse gas 


By Thomas Schaub! 


dipic acid is a monomer for nylon 

polymers such as polyamide 66. As of 

now, its production by the oxidation 

of a cyclohexanone-cyclohexanol mix- 

ture with nitric acid (J) (see the figure) 

on an annual scale of multimillions 
of metric tons also produces stoichiometric 
amounts of the potent green- 
house gas nitrous oxide (N,O). 
The double carbonylation of bu- 
tadiene to adipic acid or its es- 
ters could be a viable alternative 
that would avoid the use of nitric 
acid and emission of N,O and 
would also have a more flexible 
raw-material base. Several sys- 
tems for this reaction have been 
reported in the past decades, 
mainly from commercial labs, 
but none have been developed as 
an industrial process because of 
insufficient activity, selectivity, or 
both (J, 2). On page 1514 of this 
issue, Yang et al. (3) now report a 
single-step system for the double 
carbonylation of butadiene with 
previously unmatched activity 
and selectivity. 

The selective double carbon- 
ylation of butadiene to adipic 
acid or derivates is difficult be- 
cause it requires two consecutive 
and nonselective carbonylations 
to achieve the desired product 
with pentenoic acids as inter- 
mediates. In most of the earlier 
reported approaches (J, 2), the 
reaction was carried out in two 
steps. Carbonylation of butadi- 
ene to 3-pentenoic acid was fol- 
lowed by isomerizing carbonylation of 3-pen- 
tenoic acid to adipic acid with homogeneous 
cobalt, palladium, or rhodium catalysts. The 
conditions and catalysts for both steps had 
to be carefully selected because of the many 
potential unwanted side products, such as 
isomers or polymers (3). The separately op- 
timized reactions were not mutually compat- 
ible and could not be developed into an ef- 
ficient single-step reaction (2, 4, 5). 
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Alternative approaches for the double 
functionalization of butadiene to adipic 
acid have been developed recently. Mormul 
et al. reported a rhodium-catalyzed double 
hydroformylation in the presence of glycols 
to form acetal-protected adipic aldehyde as 
an intermediate (6). The intermediate could 
then be oxidized to adipic acid. The overall 
yield of adipic acid of 52%, based on buta- 


Routes to adipic acid 
Industrial synthesis of this nylon monomer emits N,O, a powerful greenhouse gas. 
Yang et al. report a route from butadiene that could be commercially viable. 


Industrial gas synthesis of adipic acid from cyclohexanone and cyclohexanol 
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Earlier two-step approaches for butadiene carbonylation (1, 2) 


61%, and in the first step, stoichiometric ad- 
dition of manganese as a co-reagent was nec- 
essary, which prevents the adoption of this 
system for bulk chemical production. 

Given this history, it is notable that Yang 
et al. developed a single-step catalyst system 
for the double carbonylation of butadiene to 
adipic acid esters with high activity and se- 
lectivity. The chelating phosphine ligand for 
their palladium catalyst, com- 
bined with an acidic cocatalyst 
like p-toluenesulfonic acid, per- 
formed the double carbonylation 
of butadiene to adipic acid esters 
in one step at moderate condi- 
tions [40-bar carbon monoxide 
(CO) and 120°C]. The yields (up 
to 95%) and a selectivity for 
linear products of 97% for the 
butyl-ester of adipic acid are out- 
standing, given the high catalyst 
turnover of >60,000 in a single 


[Co] or [Pd] or [Rh] Q [Co] or [Pd] or [Rh] RO fe) run. The ester can then be hydro- 
rks > AA on —S rm or lyzed to obtain adipic acid (8). 
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diene after oxidation, is not high enough to 
be economically viable and requires further 
improvements, despite achieving the di- 
functionalization to linear intermediate in 
the hydroformylation step with ~73% yield. 
Tortajada et al. (7) recently reported the 
double carboxylation of butadiene to adipic 
acid with carbon dioxide (CO,) using a nickel 
catalyst that proceeded through the unsatu- 
rated diacid as an intermediate, followed by 
hydrogenation with the same catalyst. This 
transformation is notable in that it uses CO, 
as a reagent and an earth-abundant metal. 
However, the yield of adipic acid was only 
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Adipic acid 


ap Oxidation 
52% 


sults, some issues remain before 
this reaction can be developed 
into an industrial process. The 
elaborate seven-step synthesis of 
the ligand with an overall yield 
of <20% will be quite expensive. 
Its long-term stability under re- 
action conditions must be evalu- 
ated, so a search for simpler ef- 
fective ligands is warranted. In 
most homogeneously catalyzed 
processes, recycling is easier for 
the precious metals than for li- 
gands, which tend to decompose. 
High turnover was only achieved 
at lower yields (64%) and long 
reaction times (120 hours). 
Higher catalyst loadings and recycling would 
be needed in an industrial-scale process. 
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NEUROIMMUNOLOGY 


Bypassing the blood-brain barrier 


The meninges membranes surrounding the brain are an 
immune-blood-brain interface in homeostasis and disease 


By Justin Rustenhoven and Jonathan Kipnis 


rain function requires tight regulation 

of the cerebral microenvironment, an 
outcome achieved through special- 

ized brain barriers. The presence of 

these barriers and the observation 

that skin grafts transplanted into the 

brain are poorly rejected (7) helped establish 
the dogma that the central nervous system 
(CNS) is immune privileged; that is, immune 
responses are not elicited against antigens 
originating from the CNS. However, recent 
studies have identified entry and exit points 
for immune cells, cytokines, and brain- 
derived antigens or waste molecules through 
distinct anatomical routes in the meninges 
(a triple-layered membrane that surrounds 
the brain parenchyma). These meningeal 
“backdoors” might allow for blood-brain bar- 
rier (BBB) bypass, providing an interface for 
peripheral immune system interaction with 
the CNS, and could play an important role in 
neuroinflammation and neurodegeneration. 
The BBB, a highly selective semiperme- 
able structure segregating peripheral blood 
from the brain, is characterized by tight 
junctions between endothelial cells that line 
the vessels and low expression of leukocyte 
adhesion molecules (2). Thus, although the 
brain contains resident macrophages (mi- 
croglia), peripheral immune cells have lim- 
ited access to the brain parenchyma. A se- 
ries of classical studies revealed that if an 
animal is peripherally immunized with an 
allograft (from an unmatched donor) prior 
to allograft transplantation into the brain, 
rejection occurs rapidly (1). This suggested 
that T cells primed in the periphery can gain 
access to the brain. Thus, although adaptive 
immune responses in the brain are weak, T 
cells are not blind to brain-derived antigens. 
More recently, the meninges have been 
recognized as a critical site where immune 
surveillance of the CNS takes place. The me- 
ninges are a triple-layer structure enveloping 
the brain. Within the two inner layers, called 
the pia and arachnoid mater (collectively, 
leptomeninges), flows cerebral spinal fluid 
(CSF). The outermost dura layer is formed 
by thick connective tissue, which, unlike the 
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brain and leptomeninges, contains vascula- 
ture largely lacking tight junctions between 
endothelial cells (3), allowing extensive leu- 
kocyte surveillance (4). CSF is produced by 
specialized epithelial cells of the choroid 
plexus, fills the brain ventricles, and flows to- 
ward the subarachnoid space within the lep- 
tomeninges. From the subarachnoid space, 
CSF enters the Virchow-Robin spaces sur- 
rounding large penetrating arteries and flows 
across astrocyte (a type of stromal cell) pro- 
jections into the brain parenchyma, where it 
mixes with the interstitial fluid (ISF). From 
there, the macromolecule-containing ISF- 
CSF returns, through perivenular spaces, 
into the CSF circulation. This “glymphatic” 
system allows CSF transit through the brain, 
collecting waste and brain-derived antigens 
(5). Additionally, it provides a route for me- 
ningeal immune cell-derived factors, includ- 
ing cytokines, to enter the brain, where they 
can modulate CNS function (6). 

CSF volumes must be tightly regulated to 
avoid hydrocephalus and associated neuro- 
logical sequelae. The prevailing concept was 
that CSF drains into dural sinuses, vascu- 
lar structures carrying venous blood from 
the brain, through arachnoid granulations 
(observed only in large animals, including 
humans), prior to its absorption into the 
jugular vein. However, whether the dural si- 
nuses drain CSF is unclear and, regardless, 
such drainage would not result in efficient 
presentation of CNS-derived antigens to the 
peripheral immune system. For appropriate 
immune surveillance and antigen presenta- 
tion, lymphatic drainage to lymph nodes is 
required. The brain parenchyma, unlike al- 
most all peripheral tissues, contains no lym- 
phatic network to facilitate waste removal. 
For decades, it was believed that macromol- 
ecules and immune cells are drained along 
the olfactory nerves, across the cribriform 
plate, into the nasal mucosa, and thence into 
draining lymph nodes. If this were the case, 
however, then molecules inhaled through 
the nose (including pathogens) would be 
draining into the same lymph nodes as those 
receiving brain-derived antigens. Such a sce- 
nario is unlikely, especially given recent work 
demonstrating that lymph drainage from the 
gut is partitioned into separate lymph nodes, 
endowing each with a specific function (in- 
flammatory responses or antigen tolerance) 
(7), highlighting the intricate precision of 


Published by AAAS 


antigen sampling and immune responses 
within tissues. Why would immune surveil- 
lance of the brain, a master organ, be shared 
with airborne pathogens? It seems more 
likely that there would be a dedicated sys- 
tem, and indeed a functional CNS-draining 
lymphatic network housed within the me- 
ninges has been characterized (3). 

Once the CSF exits the brain parenchyma, 
it is carried across the arachnoid mater into 
dural spaces, where it is drained through 
meningeal lymphatic vessels into the deep 
cervical lymph nodes (dCLNs) situated 
within the neck, allowing interactions be- 
tween brain-derived antigens and peripheral 
T cells. This provides a system of fluid flow 
that can relay messages from the periphery 
to the parenchyma and conversely drain pa- 
renchymal antigens to the periphery. 

Thus, a unified theory of CNS cytokine 
passage, antigen drainage, and immune 
surveillance, that is, meningeal bypass, can 
be envisioned. A cytokine traveling within 
the peripheral blood is unlikely to cross 
the BBB, owing to the presence of endo- 
thelial cell tight junctions. The cytokine 
may, however, cross the fenestrated dural 
vasculature, which lacks tight junctions. 
From there, the cytokine may traverse the 
arachnoid mater allowing CSF entrance and 
subsequently, through glymphatic influx, 
the brain parenchyma. Although the mech- 
anisms underlying dural-to-CSF flow are 
unclear, manipulations of dural immune 
cell populations and specific cytokines alter 
cognitive functions, including learning and 
social behaviors, through signaling directly 
on cytokine receptors expressed on neurons 
(6, 8). Additionally, CSF reaches the dura 
(9) and small-molecule dyes administered 
to the skull surface reach the meninges, and 
subsequently the brain parenchyma (JO), 
collectively supporting dural-CSF-brain as a 
feasible route of cytokine sensing. 

In addition to providing a route for mol- 
ecules to reach the brain independent of the 
BBB, the meninges also allow the peripheral 
immune system to sample the brain in a dis- 
tal site. An antigen that is produced in the 
CNS will be carried along with the perfusing 
CSF out of the brain into the subarachnoid 
space. From there, the antigen eventually 
drains into the meningeal lymphatic vessels 
(soluble drainage) or is taken up by menin- 
geal antigen-presenting cells, including mi- 
gratory dendritic cells present in the dura 
(4), before eventual passage to dCLNs (cellu- 
lar drainage). Under homeostatic conditions, 
peripheral T cells, therefore, do not require 
access to the brain, because they can sample 
the entire parenchymal antigenic repertoire 
within the meningeal spaces. Owing to the 
permeable vasculature, T cells can easily ac- 
cess the dura to interact with local cells pre- 
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senting CNS-derived antigens (3, 9). Such a 
scenario would allow T cells to be retained 
on the basis of their antigenic specificity, or 
make an immediate exit through nearby du- 
ral lymphatics (see the figure). 

Collectively, this highlights the dura as 
a feasible site of CNS immune surveillance 
and indeed extensive dural immune cell het- 
erogeneity, including T cells, dendritic cells, 
macrophages, B cells, innate lymphoid cells 
type 2 (ILC2s), neutrophils, and monocytes, 
is present under steady-state conditions to 
sample brain-derived products and rapidly 
respond to CNS insults (4). This proposed 
meningeal bypass allows brain-specific an- 
tigens to be sampled by immune cells, and 
immune cells to travel within brain borders 


the brain and the immune system; rather, 
instead of the two systems interacting and 
communicating directly, they do so through 
this distinctive meningeal interface, which 
could be viewed as an immune organ servic- 
ing the brain. 

Several recent findings have highlighted 
how dysfunction in these meningeal influx 
and efflux systems can facilitate disease pro- 
gression. Serving as a sink for brain-derived 
waste, CSF must be effectively drained to 
maintain cerebral clearance. During aging 
and Alzheimer’s disease, clearance of brain 
waste, including neurotoxic soluble B-amy- 
loid (AB) species, is impaired (2), as is the 
conduit for subsequent CSF drainage, the 
meningeal lymphatics (11). These impair- 


The meninges are an immune-blood-brain interface 

The dural meninges are a site for T cell surveillance, cytokine-to-neuron signaling, brain-derived antigen 
presentation, and drainage. During aging and neurodegenerative diseases, dysfunctional lymphatic 
vessels impair drainage, contributing to the accumulation of B-amyloid in Alzheimer's disease (AD) and 
a-synuclein in Parkinson's disease (PD). Immune cell trafficking may be dysregulated in experimental 


autoimmune encephalomyelitis (EAE) and after stroke. 
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to modulate CNS function. Thus, does the 
BBB really bestow immune privilege to the 
brain? Clearly it limits homeostatic entrance 
of immune cells, yet this does not confer a 
lack of peripheral CNS antigen recognition 
or a contribution from immune cell-derived 
cytokines. Given the postmitotic nature of 
parenchymal neurons, the brain is particu- 
larly sensitive to inflammatory-mediated cell 
death. It is therefore conceivable that in the 
course of its evolution, the CNS “pushed” all 
of its immune activity to its borders, namely 
to the meninges, so that neuronal function 
should not be impeded by infiltrating im- 
mune cells. Evolution of the meninges did 
not alter the close relationship between 
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ments aggravate Alzheimer’s disease pathol- 
ogy, leading to increased amyloid plaque 
buildup and exacerbation of cognitive dys- 
function. Similarly, disruption of meningeal 
lymphatic drainage worsens Parkinson’s 
disease-like pathology in a mouse model of 
mutant a-synuclein overexpression (12), a 
pathological protein found in Lewy bodies, 
which abnormally aggregate within neurons 
and precipitate cell death. It is plausible 
that meningeal lymphatic drainage is criti- 
cal in additional neurodegenerative diseases 
displaying protein aggregation, including 
Huntington's disease and tauopathies. 
Disrupting lymphatic drainage enhances 
the severity of certain neurodegenerative 
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diseases but ameliorates neuroinflamma- 
tory conditions. Meningeal lymphatic abla- 
tion attenuates the severity of inflammation 
in experimental autoimmune encephalo- 
myelitis (EAE), a mouse model of multiple 
sclerosis, by limiting T cell trafficking and 
antigen drainage to dCLNs (9). It is likely 
that similar antigen drainage contributes to 
additional autoimmune disorders, and per- 
haps dysfunctional drainage facilitates the 
aggressiveness of CNS tumors and underlies 
the lack of appropriate immune rejection. 

Recent studies have also highlighted how 
meningeal entrance pathways facilitate neu- 
roinflammatory responses. During EAE, 
meningeal T cells traffic across inflamed lep- 
tomeningeal vasculature, allowing CNS en- 
trance independent of passage through the 
BBB (13). In aged mice, T cells accumulate 
within the neurogenic niche and through sig- 
naling of the cytokine interferon-y (IFN-y) 
impair adult neurogenesis (14). Although the 
precise entrance route(s) for T cells remains 
unclear, it is plausible that aging meningeal 
dysfunction, similar to that observed during 
inflammatory conditions, allows T cells to 
enter the CNS. 

The identification of vascular channels 
directly connecting bone marrow of the 
skull with the surface of the brain has re- 
cently been described (15). Although their 
functional homeostatic relevance is un- 
clear, during a stroke these channels allow 
direct neutrophil migration from skull bone 
marrow, through the meninges, and into 
the brain parenchyma, allowing CNS pen- 
etration independent of the BBB. Clearly, 
meningeal routes for brain-immune inter- 
actions exist beyond traditional concepts of 
BBB crossing, and understanding the me- 
ninges as an immune-blood-brain interface 
in homeostasis and disease could provide 
critical targets for disease-modifying thera- 
peutic interventions. 
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Free at last: Bose metal uncaged 


A metallic phase disrupts the classic two-state superconductor-insulator picture 


By Philip W. Phillips? 


ven the particle world is not immune 
to identity politics. Bosons have been 
in a bit of an identity crisis, or so it has 
seemed since 1989 (7). Quantum me- 
chanics requires bosons made of two 
paired electrons to either condense 
into a superfluid with a well-defined phase 
with zero electrical resistance or localize in 
an insulating state with infinite resistance. 
The direct transition from superconduct- 
ing to insulating states was widely 
observed in a range of thin films 


(2-4). The most popular model for A Bose metal 
explaining these observations (5) — Bosons made of two paired 
claims that the destruction of su- electrons were thought to either 
perconductivity occurs when the condense into a superconducting 
resistance of the thin film exceeds _ phase (phase 1, red region) or be 
a critical value. For bosons on the electrically insulating (phase 3). 
brink of localization, electrically New observations show that the 
insulating behavior is observed if __ paired electrons can behave like 
the resistance is greater than the _—aregular metal (phase 2, blue 
quantum of resistance, R, = h/4e2, region), located in between the 


increasing field. If the metallicity was due 
to a heating effect, then the failure to cool 
the sample would occur at the same tem- 
perature, not a temperature determined by 
the magnetic field (4). Similar observations 
were made on tantalum (7) and in single 
crystals of ion-gated zirconium nitride chlo- 
ride (ZrNC1) (8). 

A direct attack on the refrigeration prob- 
lem came from the experiments that showed 
that the metallic states in amorphous in- 
dium oxides (InO,) (3) and crystalline 


otherwise superconductivity per- two traditional phases. 


sists, where f is Planck’s constant 
and e is the electric charge. On 
page 1505 of this issue, Yang et al. 
(6) offer a counterexample by es- 
tablishing that a bosonic metallic 
phase disrupts the superconduc- 
tor-insulator transition (SIT) in 
the high-temperature supercon- 
ductor YBa,Cu,O,_, (YBCO). 
Indeed, bosons have been toy- 
ing with metallicity since 1989 (2). 
However, the older data were dis- 
missed by other researchers as be- 
ing due to a refrigeration problem. 
The explanation for the observa- 
tions was that the bosons were 
not cooling, instead remaining in 
suspended animation and conduct- 
ing. Nonetheless, the metallic states 
were observed at a frequency that 
kept hope alive for a true 0 K dis- 
ruption of the SIT. In the magnetic 
field-tuned transition in molyb- 
denum germanide (MoGe) (4), the 
resistance flattened at an onset 
temperature that decreased with 
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2H-phase niobium diselenide (2H-NbSe,) (9) 
were artifacts (10) because they vanished by 
eliminating all sources of electromagnetic 
radiation. Yang et al. used this now-standard 
electromagnetic radiation-filtering scheme 
to avoid artifacts and directly address what 
is carrying the current in the metallic phase. 

The experiment utilized a series of high- 
temperature superconducting YBCO films, 
which were tuned through the SIT by reac- 
tive ion etching. This technique transfers a 
patterned array of hexagonally plated holes 
to YBCO. Yang et al. observed that 
the normal-state thin-film resistance 
increases with increasing etching 
time. The etching time controls the 
thickness of the resulting pores’ side- 
walls, straining the YBCO shell and 
creating structural defects. The de- 
fects increase the resistance of the 
thin-film sheet. The transition the 
authors observed is an example of 
disorder-tuned SIT and similar to 
the 1989 experiments (2). 

Yang et al. observed three phases 
with a critical value for the resis- 
tance roughly twice the quantum of 
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\ Boson resistance, R, (5). The metallic phase 
. . 4 
SD Paired persisted down to a temperature of 
electrons 


1 Paired electrons are 
“coherent” (black 
arrows aligned), and 
the bosons therefore 
have the characteristic 
zero electrical 
resistance that defines 
a superconductor. 


eo 


2 At different 
conditions, the bosons 
are not “coherent” 
(black arrows not 
aligned). This disorder 
destroys the 
superconductivity but 
allows the bosons 

to move through the 
material like electrons 
in a metal. 


50 mK. To characterize this phase, 
the authors confirmed previous re- 
ports (17) of a vanishing Hall resis- 
tance. This type of response of the 
resistance to a magnetic field is an 
indication of emergent particle-hole 
symmetry. The ingenuity in the au- 
thors’ experiments is their measure- 
ment of the resistance oscillations as 
a function of magnetic field. In a typ- 
ical metal in which electrons are the 
charge carriers, the oscillations have 
a period of h/e. Instead, the authors 
found an h/2e periodicity. This be- 
havior indicates that the charge car- 
riers are two electrons. This experi- 
ment thereby proves definitively that 
bosons are free to roam in a metallic 
phase, invalidating the standard pic- 
ture of the two-phase model (5). 
Hence, the teasing is over. Bosons 
can exist as a metal. Furthermore, 
Yang et al. observed that the am- 
plitude of the conductance oscilla- 
tions grows in the superconducting 
state, remains constant in the metal, 
and decreases in the insulator. This 
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trend is consistent with a divergent phase- 
coherent length in the superconductor, a 
finite size in the Bose metal (see the figure), 
and no phase coherence in the insulator. 

The logically correct starting point for 
understanding the origin of the Bose metal 
is an array of superconducting islands 
connected by random tunneling matrix 
elements. Although adding an underlying 
normal fermionic metallic matrix to this 
model can achieve the metallic state (12), 
this is not consistent with the experiments 
because the charge carriers have charge 2e 
and not e. Because of the disorder, glassy bo- 
sonic models are a natural choice. Indeed, 
state-of-the-art numerical simulations have 
shown that randomness in superconduct- 
ing-island models in two dimensions pro- 
duces a glassy phase with a superfluid stiff- 
ness (13) that scales with the system size (L) 
as L~°*° (or L°?’ in three dimensions) and 
hence vanishes in the thermodynamics 
limit. These glassy models (see the figure) 
have a nonzero bosonic conductivity (1, 14) 
with emergent particle-hole symmetry and 
therefore contain the requisite ingredients 
needed to explain the disorder-induced 
Bose metallic state Yang et al. report in 
their experiments. 

Experiments similar to those that Yang 
et al. performed should be carried out on 
the magnetic field-tuned transition to dis- 
cern if the charge carriers are also 2e. If the 
charge carriers are proven to be 2e, then the 
Bose metal represents the general exception 
to the standard paradigm (5). In addition, 
time-resolved measurements could reveal 
the low-energy excitations of this Bose metal 
that forms without the fermionic organizing 
principle of Pauli exclusion. 
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CATALYSIS 


Piezoelectricity drives 
organic synthesis 


Ball milling allows for solvent-free mechanoredox catalysis 


By Hesheng Xia! and Zhenhua Wang? 


he coupling of mechanical and chem- 
ical phenomena on a molecular scale, 
mechanochemistry, is undergoing an 
exciting period of rediscovery and re- 
naissance (1). Mechanochemistry re- 
search can provide deep insight into 
the rupture mechanism of chemical bonds 
(2). Mechanochemical routes for chemical 
synthesis can minimize the use of hazard- 
ous or undesirable solvents. They also can 
generate materials along reaction path- 
ways that are inaccessible through thermal 
or light-activated processes. On page 1500 
of this issue, Kubota et al. demonstrate 
that piezoelectric materials can be used as 
mechanoredox catalysts for 
organic synthesis (3). 
Mechanochemical routes 
include force-induced deg- 
radation, activation, cataly- 
sis, and initiation. Harsh 
conditions are needed to 
cleave the covalent bonds 
of organic molecules or 
polymers. These types of 
extreme conditions are pro- 
duced by high-energy ball 
or pan milling, or by ul- 
trasound or hydrodynamic 
cavitation. These methods can create high 
shear forces for a mechanochemical reac- 
tion but cannot easily be adapted to large- 
scale synthesis. In the past decade, mecha- 
nochemical processes moved toward more 
mild and tempered methods such as twin- 
screw extrusion, stirring, compression, and 
stretching (4-6). Although these milder 
techniques are simple to understand, big 
challenges remain in making them work 
effectively, as they often depend on new 
concepts (e.g., weakly bonded mecha- 
nophores) or new materials (e.g., metal- 
organic complexes). 
Piezoelectric materials generate charge 
in response to stress and can convert me- 
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“Unlike photoredox 
arylation and 
borylation reactions, 
mechanoredox 
catalysis reached 
high yields in much 
shorter times." 


chanical energy into chemical transfor- 
mations with high efficiency. Hence, they 
may provide an alternative means for mild 
mechanochemistry. Piezoelectric materi- 
als combined with low-power ultrasound 
have been used to trigger the formation 
of active species for dye degradation (7, 
8) and controlled polymerization (9, 10). 
Kubota et al. used ball milling with the 
piezoelectric material barium titanate to 
trigger a single-electron transfer redox re- 
action. The authors successfully performed 
mechanoredox activation of various aryl 
diazonium salts in response to applied me- 
chanical energy for arylation and boryla- 
tion reactions. The redox reaction was trig- 
gered by the mechanical force applied to a 
mixture of aryl diazonium 
salt, furan, and barium 
titanate. During ball mill- 
ing, the barium titanate 
particles deform and are 
transformed into a charge- 
separated state. This acts 
as an oxidant and reduc- 
tant simultaneously. The 
aryl diazonium salts are re- 
duced into radicals through 
the single electron transfer 
reaction for further radi- 
cal addition synthesis. The 
charge-separated barium titanate particles 
efficiently quench the radical addition in- 
termediate (see the figure). 

Only piezoelectric particles such as 
barium titanate produced good reaction 
yields, whereas nonpiezoelectric particles 
produced much lower yields or even no 
reaction. The authors investigated the ef- 
fect of substrates comprising electron- 
deficient, neutral, and electron-rich sub- 
stituents and found that the former two 
kinds of substituents gave rise to good 
yields. The robustness of the approach was 
further validated by the successful recy- 
cling of barium titanate. Unlike photoredox 
arylation and borylation reactions, mecha- 
noredox catalysis reached high yields in 
much shorter times. Mechanoredox ca- 
talysis also can synthesize polycyclic aro- 
matic hydrocarbons from poorly soluble 
substrates, as evidenced by the 78% yield 
for carbon-hydrogen arylation of coronene. 
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By contrast, no reaction happens with pho- 
toredox catalysis because of the insolubility 
of coronene. The mechanoredox approach 
is so effective that a low-tech method—hit- 
ting the bag containing reactants more 
than 200 times with a hammer—produced 
a 43% yield. 

The strategy of using ball milling to 
drive mechanoredox reactions has several 
benefits. Reactants and catalysts can be 
in solid form, avoiding harmful solvents. 
The ball-milling process is well known and 
widespread in industry. The piezoelectric 
catalysts are mature materials with good 
recyclability and therefore relatively low 
cost. In contrast, catalysts for photoredox 
reactions are generally expensive and dif- 


sustainable synthesis applicable to a wide 
range of organic redox reactions. This strat- 
egy could be extended into areas such as 
polymerization, grafting reactions, degra- 
dation, recycling, and other radicals-related 
chemistry. These types of applications will 
drive efforts to develop more high-efficiency 
piezoelectric materials to produce a broad 
array of radical intermediates. 

Combining mechanoredox catalysis with 
transition metal catalysis might allow for 
controlling the conformation of complex 
molecules. The mild, scalable, and sustain- 
able mechanosynthesis using ball milling 
with a piezoelectric material should be an 
inspiration for rethinking more traditional 
solution-based catalytic strategies. 


An example of mechanoredox organic synthesis 

Grinding piezoelectric barium titanate (BaTiO,), aryl diazonium salt, and furan with a ball mill allows organic 
synthesis of aryl furan compounds. The force-induced deformed BaTiO, particles can act as reductants to 
produce radicals for further organic reaction, and also as oxidants to quench the radical addition intermediate 
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by single-electron transfer (SET) redox reaction. 
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ficult to recycle because they are often mo- 
lecularly soluble or uniformly dispersed in 
media to achieve quantitative excitation. 
Finally, the wide variety of different piezo- 
electric materials allows for redox poten- 
tial adjustment to meet more redox reac- 
tion requirements. This should increase 
the number and types of catalytic reactions 
to which this method can be applied. 
Mechanochemistry has been widely ap- 
plied in a number of different areas. These 
include nanoparticle preparation, synthe- 
sis of organics and polymers, processing 
of polymers, recycling of plastics or rub- 
ber, electrochemical energy storage, water 
treatment, drug cocrystal synthesis, metal- 
organic frameworks, organic semiconduc- 
tors, graphene exfoliation, cutting of car- 
bon nanotubes, tuning of dynamic covalent 
chemistry, and self-healing (6, 1/-13). The 
authors have successfully opened a new 
mechanochemical route for robust and 
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CANCER 


Targeted drugs 
ramp up cancer 
mutability 


Drug-induced mutagenesis 
may accelerate cancer 
evolution and resistance 


By Marco Gerlinger 


utagenesis can drive carcinogenesis 

and continue during cancer pro- 

gression, generating genetic intra- 

tumor heterogeneity that enables 

cancer adaptation through Darwin- 

ian evolution (7). Analyses, such as 
mutational signature characterization, have 
revealed specific mutational processes and 
their temporal activity during carcinogen- 
esis and tumor progression (2). Neverthe- 
less, many of the mechanisms that promote 
genomic instability in cancer are still enig- 
matic. On page 1473 of this issue, Russo et 
al. (3) reveal that drugs targeting oncogenic 
epidermal growth factor receptor (EGFR) 
or BRAF signaling increase mutagenesis in 
colorectal cancer (CRC) cells, which could 
drive the acquisition of resistance. 

Russo et al. found that human CRC cell 
lines that were treated with EGFR or BRAF 
inhibitors down-regulated the expression 
of high-fidelity DNA repair proteins and in- 
creased that of error-prone DNA repair pro- 
teins, which may both increase mutation 
rates. Using reporter assays, they further 
showed that the fidelity of DNA mismatch re- 
pair (MMR) and homologous recombination 
(HR) repair systems were impaired and that 
DNA damage increased during drug treat- 
ment. Genetic analysis of cell lines that had 
been exposed to these inhibitors revealed 
subclonal mutations in dinucleotide repeats, 
which are characteristic of defective MMR. 
In contrast to other cancer mutational pro- 
cesses—such as genetically encoded HR or 
MMR defects that lead to persistent mutation 
acquisition or overexpression of the APOBEC 
(apolipoprotein B mRNA editing enzyme, 
catalytic polypeptide-like) DNA cytidine de- 
aminases, which generates mutational bursts 
(4)—the mutagenesis program identified by 
Russo et al. was tightly coupled to drug ex- 
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posure and ceased after drug re- 
moval. This study demonstrates 
that nongenotoxic targeted on- 
cogene pathway inhibitors can 
promote a temporally restricted 
increase in mutability by switch- 
ing from high-fidelity to error- 
prone DNA repair. 

Adaptive mutagenesis is a 
mechanism described in bacteria 
that increases the mutation rate 
in response to cell stress (5). This 
is triggered by a cell-stress signal- 
ing pathway that activates error- 
prone DNA double-strand break 
repair and it is accompanied by 
suppression of MMR. Adaptive 
mutagenesis increases the prob- 
ability of generating mutations 
that enable evolutionary adapta- 
tion of unicellular organisms to 
new environments. On the basis 
of the pronounced similarities 
of drug-induced mutagenesis in 
CRC and adaptive mutagenesis 
in bacteria, Russo et al. explored 
whether the mammalian target 
of rapamycin (mTOR) pathway, 
a major stress signaling path- 
way in humans, controls drug- 
induced mutagenesis in cancer cells. mTOR 
signaling was indeed inactivated by drug 
treatment, but inhibiting the mTOR path- 
way alone did not phenocopy the changes in 
DNA repair protein expression. The trigger 
of drug-induced mutagenesis in CRC cells is 
therefore either more complex or different 
from that in bacteria. 

Russo et al. speculate that it may never- 
theless be the same ancestral stress-induced 
mutagenesis program found in unicellular 
organisms that becomes unleashed in cancer. 
Whether this program could have survived 
millions of years of evolution from unicellu- 
lar to multicellular species is unclear. Stress- 
induced mutagenesis is risky in multicellular 
organisms because it may trigger cancer in 
healthy cells, thereby threatening the sur- 
vival of the individual. Somatic mutagenesis 
is clearly relevant in humans, for example, 
in B lymphocytes, in which it contributes to 
antibody diversity generation. However, this 
somatic hypermutation program is tightly 
restricted to immunoglobulin genes, whereas 
inactivation of high-fidelity DNA repair con- 
fers a genome-wide mutator process that can 
alter oncogenes and tumor suppressor genes. 
An alternative hypothesis is that the observed 
changes in DNA repair protein expression in 
response to signaling pathway inhibition ful- 
fill a physiological function in healthy cells 
but aggravate mutation generation in cancer 
cells that have deregulated proliferation and 
apoptosis. Drug-induced mutagenesis may 
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Models of acquired drug resistance 
Models of resistance mechanisms to epidermal growth factor receptor (EGFR) 
inhibitors in colorectal cancer include preexisting resistance, drug-induced 
mutagenesis, and microenvironment-mediated resistance. Each reveals distinct 
therapeutic opportunities, but multiple mechanisms may occur within a tumor. 
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tein kinase kinase 1 (VEK7), or 
EGER genes (7, 8). Whether these 
specific mutations can be gener- 
ated by the drug-induced mu- 
tagenesis process is unknown. 
Moreover, there are additional 
paths to acquired EGFR and 
BRAF inhibitor resistance be- 
yond mutations, including gene 
amplifications and an increase 
of cancer-associated fibroblasts 
in the tumor microenvironment 
that rescue cancer cells by secret- 
ing mitogenic growth factors (9). 
Resistance is complicated by the 
observation that several of these 
resistance mechanisms can oc- 
cur in parallel in the same tumor 
(see the figure). Inhibiting drug- 
induced mutagenesis to delay re- 
sistance evolution will only have 
clinical impact if this process is 
the dominant route to resistance 
in some CRCs. 

The DNA repair deficiencies 


@ @ of XY 2 ON Tareet ra that underlie drug-induced mu- 
qaee — a ecccn tagenesis may confer therapeutic 


@ Cancer- 
e oss assoctated 


fibroblasts 
be a by-product that coincidentally opens 
opportunities for cancer cells under selec- 
tive pressure, rather than having specifically 
evolved as a program that enables cellular 
adaptation to stress. 

The results of Russo et al. are important 
because resistance invariably occurs in CRCs 
after patients are treated for a few months 
with EGFR or BRAF inhibitors. These tumors 
usually contain billions of cancer cells, and 
the probability that a drug-resistant subclone 
preexists in a population of this size is high 
(6). By contrast, the acquisition of a resis- 
tance mutation in the much smaller number 
of cells that persist during drug treatment 
has been considered to be comparably low. 
Drug-induced mutagenesis may shift this bal- 
ance, providing a compelling argument that 
resistance can frequently be acquired during 
treatment (see the figure). 

The contribution of drug-induced muta- 
genesis to clinically acquired resistance in 
patients with CRC and other cancer types is 
now important to assess because this remains 
unclear for several reasons. Mutational pro- 
cesses differ in the preferred DNA sequence 
contexts in which they occur and in the ge- 
netic variants they generate (2). MMR defi- 
ciency leads to high rates of deletions in nu- 
cleotide repeats and to cytosine-to-thymine 
base changes. Mutations conferring resis- 
tance to EGFR and BRAF inhibitors in CRC 
are confined to a small number of hotspots in 
KRAS, NRAS, BRAF, mitogen-activated pro- 
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vulnerabilities whereby inhibit- 

ing another protein or pathway 

may cause cell death (synthetic le- 
thality). Poly(ADP-ribose) polymerase (PARP) 
inhibitors are selectively lethal to cancer 
cells with HR defects due to mutations in the 
breast cancer 1 (BRCAI) and BRCA2 genes 
(0). Similarly, the Werner syndrome adenos- 
ine triphosphate (ATP)-dependent helicase 
(WRN) has recently been described as a 
synthetically lethal target in MMR deficient 
cancers (11). Whether drug-induced down- 
regulation of HR or MMR proteins sensi- 
tizes CRC cells to PARP or WRN inhibition 
is unknown but could be readily tested in 
the cell line models described by Russo et al. 
Synergies between EGFR inhibition and ox- 
aliplatin chemotherapy have been described 
(72). Oxaliplatin causes DNA double-strand 
breaks, which may be difficult to repair when 
HR is repressed by EGFR inhibition. Some 
drug combinations in routine clinical use 
may therefore already exploit the described 
mechanisms for therapeutic benefit. = 
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Peptidic catalysts for macrocycle synthesis 


A heptapeptide pulls aldehyde groups of a molecule together for elusive ring-closing reactions 


By Aaron Gutiérrez Collar and Tanja Gulder 


any structurally simplified catalysts 
have been synthesized that mimic 
the reactivity and efficiency of en- 
zymes. In this context, the numer- 
ous transformations catalyzed by 
the amino acid proline as a catalytic- 
site mimic helped drive the field of organoca- 
talysis (1). Enzyme activity not only relies on 
the reactive site but also on the structure of 
the binding pocket that can orient and twist 
substrates for reactions. Oligopeptide cata- 
lysts, often referred to as foldamers (2), can 
emulate both the reactivity and substrate po- 
sitioning and folding of enzymes by using the 
secondary peptide structure such as a-helices 
or B-turns. On page 1528 of this issue, Girvin 
et al. (3) translate enzymatic synthesis of 
large rings (macrocycles) into a heptapeptide 
foldamer catalyst that performs an intramo- 
lecular aldol condensation (see the figure). 

Oligopeptides are short sequences of 
amino acids that can be designed to self- 
assemble in a stable secondary structure 
so that particular side chains can be posi- 
tioned to become the reactive catalyst sites. 
The power of this foldamer-template prin- 
ciple has been demonstrated in ample stud- 
ies from the Miller group, such as the use of 
chiral peptide catalysts in the site-selective 
structural modification of the complex natu- 
ral product erythromycin A by Lewis and 
Miller (4) or by Miller et al. for retro aldol 
reactions of B-hydroxyketones (5). Foldamer 
design can also take advantage of amino ac- 
ids that bear unnatural side chains to intro- 
duce reactive groups beyond those in the en- 
zymatic repertoire and thus extend the scope 
of addressable transformations compared 
with those offered by nature. 

The synthesis of macrocycles is an example 
of a very challenging reaction for chemists (6) 
because it is usually disfavored entropically. 
Although the enzymatic reaction only takes 
place in a specific region of the enzyme, the 
entire protein plays an important role. The 
complex conformation of enzymes forces the 
linear starting material (such as molecule 2 
in the figure) into a certain conformation in- 
side the enzyme-substrate complex. This step 
mitigates the energetic demand of the intra- 
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molecular reaction and favors cyclization 
over intermolecular processes. However, the 
structural complexity of proteins that enables 
this functionality and selectivity also makes 
enzymes substrate-specific and hampers their 
broad applicability as ring-closure catalysts. 
Girvin et al. designed the heptapeptide 1 
macrocyclization catalyst to hold the two 
amine functionalities in place for an intramo- 
lecular aldol condensation reaction (see the 
figure). The foldamer is composed of a and B 
amino acid residues in an aBB sequence that 
forms a stable three-dimensional backbone 
to put the reactive amine moieties in a con- 
cise orientation relative to one another. The 


with two pyrrolidines gives only traces of 
the cyclic product 4 but is superior in inter- 
molecular crossed aldol condensations (7). 
Girvin et al. synthesized macrocycles con- 
taining up to 22 ring atoms in excellent yields 
upon using this enzyme mimic. They imple- 
mented the foldamer in the synthesis of the 
cyclophane natural product robustol 5 and 
the core structure of nostocyclyne A 6. 
Foldamers can control reactivity and se- 
lectivity through structural preorganization 
of substrates, a feature normally observed 
only in much larger enzymes. On the basis 
of this extraordinary concept of foldamer 
catalysis, transformations showing new se- 


Foldamer-templated macrocyclizations 


Girvin et al. synthesized a peptide (foldamer) that can catalyze the formation of large rings from linear chains. 


These reactions have applications in synthesis of natural products. 


Catalytic cycle 
The foldamer catalyst triggers 
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authors examined the impact of the geom- 
etry and the spatial separation of the reactive 
diad on the transformation and found that 
the optimal geometry is a helix, with three 
amino acids per turn and with the catalyti- 
cally active functionalities separated exactly 
by one turn. In this case, the amine moieties 
are optimally aligned for the foldamer to act 
as a molecular tweezer that pulls together 
both ends of the dialdehyde 2. 

The use of a pyrrolidine with a primary 
amine as catalytic residues is crucial for the 
reaction selectivity. This catalytic diad favors 
the formation of an electrophilic iminium 
and a nucleophilic enamine within the same 
catalytic scaffold 3 and activates substrate 2 
for the ring-closing carbon-carbon bond for- 
mation. Interestingly, the peptide backbone 
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Primary amine 


Intermediate 3 bears an electrophilic iminium 


( 


co Represents a long molecular chain 


Natural products 
Two of the macrocycle 
targets Girvin et al. 
synthesized. 
Substrate 2 bears 
two reactive 
aldehyde groups. 


2H,0 


HO 
Nostocyclyne A 
core structure 6 


blue). 


lectivities should become available that go 
beyond aldol reactions. This approach will 
likely enrich the general synthetic method 
repertoire and expand the landscape of ac- 
cessible structural scaffolds. 
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BIOSCIENCE AND LAW 


Biotechnologies nibbling 
at the legal “human” 


Recent advances in the biosciences invite reconsideration of 
fundamental legal concepts such as the definition of “human” 


By Bartha Maria Knoppers? 
and Henry T. Greely” 


he law has always viewed living hu- 
man beings—and the tissues, organs, 
and other body parts derived from 
them—as special and different from 
the nonliving, nonhuman. But biosci- 
entific advances are nibbling away at 
classical legal boundaries that form the bed- 
rock of the normative structures on which 
societies are based. Recent developments 
such as in human genetics, neuroscience, 
and cell and tissue research pose qualita- 
tively different challenges than what has 
come before, seeming to blur legal distinc- 
tions between human beings and other liv- 
ing organisms, between living human beings 
and dead ones, and between human tissues 
and cells and nonhuman ones. Although 
cognizant of the important bioethical and 
philosophical debates surrounding the is- 
sues raised, we focus on how legal systems 
may respond to these bioscience challenges 
to traditional binary, legal classifications. 
Determining whether some “thing” is now 
some “one” carries with it profound implica- 
tions for the rights and obligations the law 
recognizes for “humans.” Although it may 
be tempting to think that these new devel- 
opments require us to reconsider the time- 
honored legal definitions of humans, living 
humans, or human tissue, we suggest that 
current legal dualisms can be applied in 
ways that provide adequate flexibility to al- 
low weighing the many issues that surround 
developments in genetics, neurosciences, 
and cellular bioengineering and challenge 
how we legally define what is “human.” 
Recent advancements in the neurosci- 
ences, such as the possible revival of “dead” 
pig brains, pose issues for our understand- 
ing of both cognition-based conceptions of 
identity and even death itself. In the context 
of cell and tissue research, the creation of 
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synthetic human entities with embryo-like 
features (SHEEFs) and human-animal chi- 
meras create penumbras in our accepted 
legal taxonomies of organisms. CRISPR 
technologies may lead to likely widely ac- 
ceptable somatic gene therapies for serious 
inheritable conditions while also leading 
to germline editing that affects future “hu- 
mans,” to say nothing of possible frivolous 
genetic enhancement. 


CLASSICAL DUALISMS 

The classical dualisms found in legal systems 
around the world—whether animal versus 
human, person versus thing (“property”), 
living versus dead, drug versus device, or 
enhancement versus therapy—are already 
in the process of being “retranslated” under 
specific legislation or by the courts, creating 
new terms such as human genetic identity 
or integrity (2), common heritage of hu- 
manity (2), human species, crimes against 
humanity (3), and membership in the hu- 
man family (4). Being “human” is the legal 
starting point for these concepts. But is the 
definition of “human” in the legal sense un- 
derstood? Is it under threat? 

As stated in Article 1 of the Universal 
Declaration of Human Rights, all human 
beings are “born free and equal in dignity 
and rights” (4). Predicated on the inherent 
dignity of human beings, human rights and 
their correlative obligations find their ba- 
sis in legally recognized personhood. With 
their framing and internal normative hier- 
archy, laws provide security and certainty 
for human interactions in society and in 
the world. Any proposals for the reclassi- 
fication of legal and regulatory boundar- 
ies surrounding the definition of “human” 
generally could do well to first understand 
the complexity and plasticity of the classical 
dualisms, of the biotechnologies, and of the 
regulatory ecosystem. 

Reference to the inherent dignity of hu- 
mans as “members of the human family” (4) 
may serve as the legal filter for degrees of 
protection before birth and after death. The 
law starts with the position that any living 
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organism born from a person is a natural 
person from at least the time of birth un- 
til the time of death, but things quickly be- 
come more complicated. 

The special treatment of “humanness” 
does not apply only in that period or to 
legal persons. All countries provide some 
protection for the embryo or fetus through 
abortion laws, fetal protection laws, limits 
on embryo research, and other ways. The 
approaches range from constitutional rec- 
ognition of legal personhood at conception 
[for example, (5)] to the 14-day rule regard- 
ing research on embryos [for example, (6)]. 

Similarly, legal systems use different ways 
of defining the end of personhood through 
death. Most jurisdictions declare death, and 
end rights, when there is either irreversible 
cessation of cardiopulmonary functions or 
of all brain functions. But missing persons 
can, in many jurisdictions, be declared le- 
gally dead after a long period when they 
are not seen. Even after death, the tissues 
of (former) humans are legally entitled to 
special treatment; some countries provide 
distinct treatment to human remains from 
particular populations, such as with the Na- 
tive American Graves Protection and Repa- 
triation Act in the United States. Sometimes 
legal natural persons will lose the benefits 
of data protection legislation if their data 
are “anonymized,’ making them, for that 
purpose, a kind of “nonperson.” 

Some are tempted to consider conscious- 
ness or self-consciousness, or the likely re- 
sumption of either, as a crucial legal crite- 
rion for membership in the human family, 
as a definition of the end of life or possibly 
of its beginning (2). 


GENETIC IDENTITY 

It could be argued that the human genome 
defines “human.” The definition of the hu- 
man genome adopted by the United Nations 
(UN) Educational, Scientific and Cultural Or- 
ganization (UNESCO) in 1997 was that it “in- 
cludes both the genetic makeup of humanity 
as a whole and of the individual genes in 
their tangible form (genetic material) and 
genes in their intangible forms (genetic in- 
formation).” Thus, UNESCO maintained that 
it is the human genome that “underlies the 
fundamental unity of all members of the 
human family as well as the recognition 
of their inherent dignity and diversity” (7). 
References to human dignity, genetic iden- 
tity, or genetic integrity are used to prohibit 
human reproductive cloning (7, 8), human 
germline intervention (9), and eugenics (8). 
For example, human reproductive cloning is 
deemed to be incompatible with human dig- 
nity under the 2005 UN Declaration on Hu- 
man Cloning (J0) or even as a crime against 
the human species (3). 
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The vast diversity of human genomes 
means there is no single “human genome” 
but billions of them, to say nothing of the 
billions belonging to the deceased. Their 
overlap with the genomes of clearly nonhu- 
man organisms creates another problem, as 
does their vast overlap with, and substan- 
tial contribution from, our extinct cousins, 
Neanderthals and Denisovans. “The human 
genome” is made still more problematic by 
the possibility of humans carrying genetic 
variations never before seen in our species, 
either from editing or from natural muta- 
tion. Genomes change with every human 
generation. In short, there is no defined 
“human genome” that can be used as an 
easy way to determine humanity. 


SPECIES IDENTITY 

Humans are biological organisms on an 
evolutionary continuum, in the same bio- 
logical kingdom as other animals, and sci- 
ence shows that we share the vast majority 
of the human genome with other clearly 
nonhuman species. But new research tech- 
niques, such as xenotransplantation and 
human/nonhuman chimeras, challenge 
the animal-human species divide and that 
of “human life” with its broad spectrum as 
opposed to living, natural persons with le- 
gally recognized rights and obligations. The 
creation of chimeric embryos by introduc- 
ing human stem cells to animal embryos 
often falls between the gaps of the relevant 
human and animal legislation (17). The 
status, and rights, of some nonhuman ani- 
mals with no human cells continues to be 
contested. A U.S. court recently rejected an 
effort to extend the writ of habeas corpus 
to chimpanzees, thus allowing for their con- 
tinued imprisonment, although not without 
an interesting separate opinion discussing 
their “human” qualities (12). Merely consid- 
ering animals “things” in law may be falling 
out of favor [for example, (13)]. 


NEURO IDENTITY 

Is it the brain then that defines “human”? 
The size and complexity of the human brain 
distinguishes it from those of other species. 
However, similar to the case of conscious- 
ness, we include individuals with cephalic 
disorders, including anencephaly, in the hu- 
man family. Initial legal recognition of brain 
death allowed the law to keep pace with 
accepted medical standards. Now, there is 
evidence of some false positives, in which 
“noncritical” brain functions continue de- 
spite the individual being considered dead. 
We may have gone from a situation before 
the adoption of the brain death standards 
in which it was possible to be biologically 
dead but legally alive, to one of being bio- 
logically alive but legally dead. And what 
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should we do with human neural organoids 
or large portions of ex vivo human brains 
that are kept “active”? What about the great 
apes, dolphins, and other nonhumans with 
impressive cognitive capacities? 

The boundaries between enhancement 
and therapy, of human and cyborg, also 
present legal issues. Freedom of conscience 
and of thought, some of the oldest concepts 
to be protected through human rights, may 
need to be reworked in response to neuro- 
enhancements. The right to self-determina- 
tion may need to be extended and articu- 
lated through a right to use, or to refuse, 
neuroenhancements (14). 


CELLS AND TISSUES 
Whereas regulatory oversight and approvals 
govern the classification and distribution of 
drugs and devices and provide transparent 
public gateways to the market, the demar- 
cations regarding human tissues and cells 
are increasingly fluid, and public safety is at 
stake. The United States, Europe, and Japan 
all take importantly different approaches to 
medical uses of cell therapies. In order to 
exercise jurisdiction over and regulate au- 
tologous stem cells therapies and their use 
in rogue clinics, the U.S. Food and Drug Ad- 
ministration classified such cells as “drugs” 
(5). Similar legal contortions will no doubt 
occur in the future as bioengineered thera- 
pies will be considered products or devices, 
depending on their inclusion of human cells. 
Parties the world over also continue to 
dispute questions of rights in cells or tissues 
that clearly were once part of a legal person 
or—in the case of frozen embryos, sperm, or 
eggs—things that might in the future give 
rise to a legally recognized person. To date, 
court decisions hover between classifying 
such cells and tissues as either property or 
potential persons, often looking to how the 
parties themselves understood the cells and 
tissues. Sometimes, the disputes are deter- 
mined through the law of persons, seeing 
the tissues and cells as an extension of the 
(human) self. Or yet still, destruction of 
stored cells and tissues may be required un- 
der environmental protection law because 
they are considered to be medical waste. 


MOVING FORWARD 

Against this movable feast of “human” 
rights and biological developments, do the 
classical legal boundaries still matter, and 
if so, why? Altering the legal meaning of 
“human” ultimately affects the foundation 
for all human rights. Between legal clas- 
sifications of biomedical waste and legal 
obligations to future generations, both the 
certainty that law provides in human inter- 
action and the content of the concomitant 
duties and freedoms it accords are at stake. 


Published by AAAS 


“Hominum causa omne jus constitu- 
tum est” (“All law is created for the sake of 
men”) is a maxim from Roman law and is 
the origin of most legal systems the world 
over. It epitomizes the relationship between 
“man” and law. Uncertain boundaries can 
lead to unintended and untoward legal con- 
sequences, which only intensify when one 
considers the effect of judicial decisions. A 
new classification has the potential to affect 
and bind all future parties while unsettling 
the past. Irrespective, classical dualisms con- 
tinue to serve as frameworks for legal deter- 
minations in most specific contexts. Courts, 
scientists, and physicians continue to be 
creative in their interpretations of emerging 
biotechnologies and in the imposition of nec- 
essary limits across the dualisms. Regions of 
the world with different cultural values con- 
cerning the beginning or end of life or on the 
use of tissues and cells still remain subject 
to the international umbrella filter of “hu- 
man” rights. Our traditional approaches to 
this may not be badly out of date, but they 
need to be applied flexibly. So, what can we 
suggest as a way forward? 

We care about living organisms that are 
human in their characteristics, but they 
do not always need to have exactly human 
characteristics. “Human beings” typically 
have two arms and two legs, but we recog- 
nize as human those without all those limbs, 
through amputation or congenital condition, 
as well as people with artificial limbs. Posses- 
sion of a “human genome’ is part of being a 
legal natural person, but we need to recog- 
nize both that a genome is neither in itself 
sufficient (a human lymphocyte is not a legal 
person) nor, in exact detail, necessary. Like 
the body, the genome needs only to be “sub- 
stantially” human. Unusual or rare varia- 
tions are not disqualifying in themselves but 
form part of the decision. The same is true 
of humans with some tissue from nonhuman 
organisms or some mechanical implants. It 
is also true of nonhuman organisms with 
some human tissues or DNA; a mouse with 
a human immune system should not be 
seen as substantially human or a natural le- 
gal person. Similarly, some version of “sub- 
stantially” could be applied to definitions 
of brain death, not to require some kind of 
“higher brain death” rule but to avoid com- 
plexity when small bits of living brain, either 
in vivo or in vitro, are used to assert that the 
legal natural person still lives. 

What constitutes “substantially” in these 
contexts will not be measurable by percent- 
ages or similar specific tests but will be a 
judgment call—like many such legal terms, 
such as “unreasonable” or “best interests.” 
Using “substantially” will not provide an ex- 
act answer but will give the decision-maker 
(judge, jury, or other) some guidance, just 
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as “beyond a reasonable doubt” says some- 
thing more than “preponderance of the 
evidence” when considering the burden of 
proof and “reckless” means something be- 
yond “negligent” when considering culpa- 
bility for injuries. For the most part, this 
should be possible in the interpretation of 
the meaning of the word “human,” without 
requiring new legislation. As a result, its ap- 
plication may vary from judge to judge and 
culture to culture while still, as a concept, 
providing some useful guidance. 

The other big question is when we treat 
molecules, cells, tissues, organs, or bodies 
as “human” in terms of deserving respect. 
Again, “substantially” might be a useful 
part of the definition. Additional consider- 
ation may include whether the body part 
was ever a part of a natural legal person. 
If a kidney grew in a natural legal person, 
that argues for it being “human” even if it 
had a very odd morphology, function, or 
even genome. A kidney grown totally in a 
laboratory, even if a fully human kidney, 
may not deserve respect if it was never in- 
side or “part of” a natural legal person. But 
a kidney from a pig, genetically modified to 
function in a human, might not be viewed 
as “human tissue” while in the pig but be so 
viewed if it had functioned inside a natural 
legal person for years. 

We have attempted to address the classi- 
cal legal dualisms defining “human,” an ap- 
proach that may be useful to the law, at least 
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until our cultures arrive at better ways of un- 
derstanding and approaching these new re- 
alities. Rules that include the word “substan- 
tially” are never fully satisfying. Nevertheless, 
in a universe where things blend into each 
other and living organisms are not cleanly 
divided into Platonic natural kinds, they may 
be the best filter we can apply: a malleable 
term for contextual and proportionate evalu- 
ation. “Substantial” is already a term in, inter 
alia, copyright and data protection law and 
therefore is an analytic tool the law already 
possesses. Such rules here will no doubt still 
lead to close or contested decisions—how to 
treat a SHEEF for example—but we believe 
that more frequently they can lead to results 
that we are (substantially) comfortable with 
while still preserving the core of our legal 
dualisms. In practice, our human families do 
not always meet exact definitions with per- 
fect edges, but we can see substantial con- 
nections among them. On the spectrum from 
living cell to organism to human being, with 
all their new biotechnological variations, to a 
natural, legal person (alive or dead), perhaps 
the concept of membership in the hazily bor- 
dered human family can serve as a useful 
source for the delimitation of the “human.” 
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More than 
a merchant’s 
trading route 


A vividly illustrated tome 
traces the cultural impacts 
of the Silk Road 


By Andrew Robinson 


etween 1271 and 1275, Marco Polo 

famously explored the overland jour- 

ney from Europe to Cathay (China). 

Much later, the route was dubbed 

“the Silk Road” by German geog- 

rapher Ferdinand von Richthofen, 
referencing the goods and ideas ferried be- 
tween the civilizations of Rome and China 
along the ancient caravan path. 

Today, the route has a much more compli- 
cated significance—hence this tome’s plural 
title, Silk Roads. The book is a copiously 
illustrated history with lengthy photo cap- 
tions and short essays by some 80 scholars, 
edited by sinologist Susan Whitfield, a long- 
time scholar of the subject. 
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Whitfield formerly served as a curator of 
the Central Asian manuscript collections at 
the British Library and was the first direc- 
tor of the library’s International Dunhuang 
Project. This collaborative effort seeks to 
conserve, catalog, and digitize manuscripts, 
printed texts, paintings, textiles, and artifacts 
from Dunhuang and various other archaeo- 
logical sites at the Silk Road’s Chinese end. 

In her introduction, Whitfield (re)defines 
the Silk Road as a “system of sub- 
stantial and persistent overlap- 
ping and evolving interregional 
trade networks across Afro- 
Eurasia by land and sea from 
the end of the Ist millennium 
BC through to the middle of the 
2nd millennium CE.” Apart from 
silk, merchants traded in slaves, 


A gilded Iranian bowl from the late 12th or early 13th 
century features an oud player and audience. 


Kazakhstan, Tajikistan, and Uzbekistan, cen- 
tered on the city of Samarkand.) In the letter, 
Miwnay blames her husband for leaving her 
destitute in Dunhuang. “I would rather be a 
dog’s or a pig’s wife than yours!” she writes 
angrily. “In a more mildly worded postscript, 
their daughter Shayn explains that she and 
Miwnay have been obliged to become ser- 
vants of the Chinese,” notes Nicholas Sims- 
Williams in the letter’s caption. 

As this letter implies, studying the Silk 
Road can be—in Whitfield’s word—“daunting.” 
In addition to histories of Central Asia, China, 
India, Mesopotamia and the Middle East, the 
eastern Mediterranean, and North Africa (not 
to mention the earlier Indus civilization, which, 
surprisingly, was omitted from this book, de- 
spite its trading contacts with Mesopotamia), 
Silk Road scholarship can involve delving 
into Buddhism, Christianity, Islam, Judaism, 
Manichaeism, and Zoroastrianism. The book 
even contains some science of deserts, moun- 
tains, rivers, seas, and steppes. “A plethora of 
unfamiliar names and places can confuse and 
befuddle. I beg the reader’s patience to try not 
to be distracted by these,” Whitfield requests. 
“Reading one essay or caption may show lit- 
tle, but looking at more will, I hope, start to 
reveal something of the complex pattern of 
the Silk Roads.” 

To orient readers, a detailed map of trade 
routes ranging from Western Europe to 
Japan is repeated at the start of 
each section with freshly labeled 
page references to the section’s 
essays and captions. But the book 
lacks even a basic chronology of 
the Silk Roads and their evolution 
from the Ist millennium BC to the 
establishment of the International 
Dunhuang Project in 1994. The ab- 


horses, semiprecious _ stones, Silk Roads: sence of such a time sequence is 
metals, pots, musk, medicines, Peoples, Cultures, acutely felt, given that Whitfield’s 
Landscapes 


glass, furs, and fruits—“resulting 
in movements and exchanges 
of peoples, ideas, technologies, 
faiths, languages, scripts, ico- 
nographies, stories, music, dance and so on.” 

To take just one example from the nearly 
500 illustrations in the book, consider a let- 
ter in Sogdian script discovered in an an- 
cient watchtower used for observing cara- 
vans near Dunhuang. The letter appears 
in archaeologist Paul Wordsworth’s essay, 
“Camels and caravanserai: Traversing the 
desert.” It was written on paper in about 
313 AD by Miwnay, wife of a Sogdian mer- 
chant named Nanai-dhat who traded 
with northwestern China from his base in 
Sogdiana. (Sogdiana was an Iranian civiliza- 
tion encompassing territory in present-day 
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structure deliberately rejects 
chronology and relies instead on 
landscape to frame the scholar- 
ship, with the book’s five sections 
centering on the steppe, the mountains and 
highlands, the deserts and oases, the rivers 
and plains, and the seas and skies. 

Despite this crucial omission—and an 
awkward fragmentation of the short essays 
by the long image captions—Silk Roads is 
a treasure house of fascinating images and 
hard-won knowledge. It also provides insight 
into both human diversity and imperial ri- 
valry over a millennium and a half, at a time 
when the Silk Road is a region of renewed 
trade and political conflict with China. ® 
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FOOD SAFETY 


The ongoing quest for pure foods 


Early adulteration sowed mistrust in the food production system that endures today 


By Deborah Blum 


n 15th-century Europe, the record 
suggests, authorities took food fak- 
ery very seriously. A Nuremberg mer- 
chant caught adulterating the spice 
saffron was burned at the stake, and 
his confederate was buried alive. Of 
course, the merchant and his colleague 
should have been aware of the prohibi- 
tions against food tampering by then; they 
had been in place for centuries. The famed 
Greek philosopher Plato inscribed rules 
against adulteration in his book The Laws, 
published in the 4th century BCE. 

As Benjamin R. Cohen notes in his 
thoughtful book Pure Adulteration, it 
is difficult to find a time or a place in 
history that lacks purveyors of food 
and drink attempting to cheat their 
unsuspecting customers. Cohen, a 
science historian and associate pro- 
fessor at Lafayette College in Easton, 
Pennsylvania, brings up the age-old 
problem of adulteration as essential 
context for his more recent case study 
of the underlying issues. 

As his book’s subtitle—Cheating on 
Nature in the Age of Manufactured 
Food—suggests, Cohen’s focus is on the 
pure food movement of the late 19th 
and early 20th centuries. His story cen- 
ters on the scandals and conflicts in the 
United States during this period that 
eventually led to the establishment of 
the federal Food and Drug Act and Meat 
Inspection Act of 1906. Organizing the 
book around that battlefield moment 
allows him to ask a range of provoca- 
tive and intriguing questions about U.S. 
food systems. What, for example, does 
this fight for food purity tell us about 
the changing nature of the country; its shift- 
ing culture, commerce, and politics; and its 
emerging scientific power? 

This was a moment, Cohen points out, in 
which industry was on the rise, farming was 
shifting to a bigger business model, and ur- 
banization was starting to outpace rural 
growth. It was also a moment in which the 
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A farmer battles food fraud in an 1890 cartoon. 


ability to create an entirely artificial product 
began to blur our definitions of what consti- 
tutes “real food.” In response to those pres- 
sures, newly empowered researchers led “an 
effort to take command of patrolling the bor- 
der between pure and adulterated.” To explore 
that territory, Cohen uses case studies of high- 
profile examples of adulteration and fakery in 
the 19th century, including butter, olive oil, 
lard, and glucose (which was then the com- 
mon name for products such as corn syrup). 
In a chapter titled “Margarine in a Dairy 
World,” Cohen looks at the late-19th-century 
rise of artificial butter, also known as oleo- 
margarine. At that point, margarine was 
not the vegetable oil product we know to- 
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day. It started out as an amalgam of meat 
fat and other by-products, processed into 
a creamy spread and dyed yellow to mimic 
traditional butter. Although manufactur- 
ers described it as another natural animal 
product—sometimes referring to it as “but- 
terine’—critics saw it as industrial-scientific 
artifice. “Oleomargarine was controversial 
because its identity was unclear, its origins 
were murky, and it frustrated stable norms 
of agricultural activity,’ Cohen writes. 

By contrast, adulterated olive oil—usually 
mixed with much cheaper cottonseed oil— 
took advantage of changes in global agricul- 
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tural practices. Cotton crops were expanding 
around the world, and growers embraced 
new uses for the plants’ parts and seeds. 
The cottonseed oil industry, which eventu- 
ally fostered such lard substitutes as Crisco 
(shorthand for crystallized cottonseed oil), 
raised fewer hackles than did the margarine 
debate, except in the obvious matters of sub- 
stitution and false advertising. 

The starchy sugars of corn and 
other plants—as opposed to _tradi- 
tional sweeteners such as cane sugar 
or maple syrup—also came under close 
scrutiny during this period. Analytical 
chemists increasingly identified the 
so-called honeys and syrups of the 
time as artfully labeled and carefully 
dyed glucose. In the late 19th century, 
manufacturers were not required to 
put ingredient labels on products, so 
consumers were easily kept in the dark 
about foods’ true composition. 

All of this led to a sense, fostered 
by the research community, that only 
chemists themselves could counter 
such chemical chicanery. Cohen de- 
votes the last two chapters of his book 
to the rise of scientific analysts, nota- 
bly Harvey Washington Wiley, a U.S. 
Department of Agriculture chemist 
who helped pioneer chemical analy- 
sis of the food supply and who was a 
leader in the fight for food safety stan- 
dards, which culminated in the pas- 
sage of the Food and Drug Act of 1906. 

Although pure food advocates helped es- 
tablish modern consumer protection in the 
United States, Cohen argues that their often- 
bruising political fight also helped establish a 
mistrust of the food production system that 
endures today. Adulteration of olive oil and 
other products has been dramatically reduced 
but has not disappeared. And in the end, he 
concludes, the most pertinent question, then 
as now, may be whom—if anyone—we trust to 
“patrol that safety-danger border.” ® 
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Retraction 


The online Research Article “Insular 
cortex processes aversive somatosensory 
information and is crucial for threat 
learning” used optogenetic methods in 
mice to conclude that insular cortex is 
involved in auditory cued fear learning 
(1). A reanalysis of the data performed 

by the authors in October 2019 showed, 
however, that the mouse behavior data 
reported in Figs. 1C, 3C, 3F, and 6B, and 
the corresponding data in supplemen- 
tary figures, had been manipulated. The 
reanalysis showed that data points from 
many individual mice had been moved, 
with the effect that the difference between 
optogenetic silencing groups and control 
groups became larger than in the real 
data. Thus, in the reanalyzed data, the sta- 
tistical significance disappears for many 
datasets of Figs. 1, 3, and 6, and these 
experiments need to be reestablished in 
future work. The first author, who per- 
formed these measurements, has admitted 
to having committed the data falsification. 
No other coauthors were involved in the 
data manipulation, and thus their data 
(Figs. 2 and 5 and supplementary figs. S2, 
S4-S6, S11, and S15-S18) remain valid. 
Because the data manipulations affect 
important conclusions of the paper, the 
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authors retract the Research Article. We 
apologize to the readership of Science. 
Emmanuelle Berret, Michael Kintscher, 

Shriya Palchaudhuri, Wei Tang, Denys Osypenko, 
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Genome studies reveal 
flaws in broad consent 


In their Research Article “Large-scale 
GWAS reveals insights into the genetic 
architecture of same-sex sexual behavior” 
(30 August, p. eaat7693), A. Ganna ez al. 
found that same-sex sexual behavior is 
influenced by many genes. The study used 
data and genetic information from a num- 
ber of sources, including UK Biobank. UK 
Biobank participants gave broad consent 
between 2006 and 2010 to the use of their 
data, health records, and bodily materials 
for “health-related research purposes” (1, 
2). Ganna et al’s study reveals the ethical 
problems with using broad consent from 
participants for biobank research. 
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Is it time to reconsider broad consent models 
for biobank research? 


There are three ways in which studying 
the genetic architecture of same-sex sexual 
behavior can be claimed to be health- 
related. First, it would be health-related if 
same-sex and/or different-sex behavior were 
in themselves states of health or illness. 
However, homosexuality has long been 
removed from disease classifications, and 
making such a claim would be normatively 
problematic in implying that one or both of 
these behaviors signified disease. Second, 
the study would be health-related if persons 
who engage in one of these behaviors are on 
aggregate more or less likely to experience 
particular health outcomes. Yet this justifi- 
cation vastly increases the scope of the term 
“health-related.” Any behavior can have 
a link to health outcomes. For example, 
voting behavior has such a link (3, 4), but 
it would be odd to classify a hypothetical 
study of the genetic architecture of voting 
behavior as health-related. Third, the study 
would be health-related if all research that 
improves our understanding of human biol- 
ogy were health-related. This again leads 
to a massive expansion of the scope of the 
term, collapsing the distinction between 
health-related research and basic molecular 
biology research. 

The understanding of what qualifies as 
health-related research is likely to change 
over time, but the restriction on allowable 
research is governed by the meaning the 
term had for participants at the time they 
gave their consent (5, 6). Broad consent 
was developed at a time when it was 
difficult to keep in contact with research 
participants after their initial consent, but 
keeping that contact is now much easier 
and cheaper. We should consider imple- 
menting more interactive consent models, 
such as dynamic or meta-consent, that 
allow participants to vary their consent 
preferences as the science progresses and 
societal values change (7, 8). 
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Genome studies must 
account for history 


In their Research Article “Large-scale 
GWAS reveals insights into the genetic 
architecture of same-sex sexual behay- 
ior” (30 August, p. eaat7693), A. Ganna 
et al. found that prevalence of same-sex 
experience in the UK Biobank population 
increased four-fold across study partici- 
pants’ birth years, and prevalence in the 
younger, self-selecting 23andMe con- 
sumer population was 6 times that of UK 
Biobank. The authors treat single nucleo- 
tide polymorphisms identified in these 
populations as ahistorical components 

of the “architecture of same-sex sexual 
behavior.” We question the generalizability 
of their findings. 

Political context and stigmatiza- 
tion of homosexuality affects whether 
people engage in and/or report same-sex 
behavior (/, 2). Historical conditions 
such as decriminalization of homosexual- 
ity in 1967 and legalization of marriage 
equality in 2013 and 2014 instigated 
substantial shifts in reporting of same-sex 
orientations (3, 4). Sampling based on 
voluntary surveys that limited the cohorts 
to cis-gender people of white-European 
descent could exaggerate these dynamics. 
Furthermore, many sexual minorities are 
unsampled due to the HIV/AIDS epidemic 
in the 1980s and 1990s (5). Centering the 
analysis around the variable of birth year 
and interpreting findings in relation to 
historical, social, and legal context might 
alter the study’s conclusions (6). 

Ganna et al’s conjecture that “genetic 
and sociocultural influences on sexual 
behavior might interact” does not resolve 
these concerns. This approach implies that 
it is acceptable to issue claims of genetic 
drivers of behaviors and then lay the burden 
of proof on social scientists to perform 
post-hoc socio-cultural analysis. Given 
the epistemic authority of the molecular 
biosciences and the potential consequences 
for those with vulnerable social identities, 
damage caused by these studies is hard 
to repair. As socio-genomic GWAS studies 
proliferate, we call for community standards 
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for research design that acknowledge the 
historical, political, and social context of 
phenotypes under study. 
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Response 


Our genome-wide association study 
(GWAS) on same-sex sexual behavior, 
which used data from the UK Biobank (J), 
was reviewed and approved by the UK 
Biobank Access Sub-Committee. We also 
sought stakeholder input from allies and 
advocates for the LGBTQIA+ community, 
as has been done in the past (2, 3). Despite 
these efforts, Holm and Ploug contend that 
broad biobank consent is insufficient. They 
argue that our study only tenuously quali- 
fies as “health-related” and thus stretches 
the bounds of the participants’ consent. 
We agree with Holm and Ploug that 
same- or different-sex sexual behaviors 
are not states of disease or health; same- 
sex sexual behavior is a natural part of 
normal human variation, and we in no 
way condone othering of members of 
the LGBTQIA+ community. However, we 
disagree that our study is related only indi- 
rectly to health. Same-sex sexual behavior 
intersects with health care in a variety of 
ways. For example, sexual behavior and 
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history are used to guide recommenda- 
tions of whether to take preexposure 
prophylaxis medication (4). Sexual minori- 
ties experience stigma, microaggressions, 
and prejudice, which have been shown to 
relate to the higher rates of anxiety and 
depression (5). These connections help 
contextualize the higher rates of suicid- 
ality, mood and anxiety disorders, and 
alcohol and substance use seen in sexual 
minorities (6-8). The genetic correlation 
analyses in our Research Article add to our 
understanding about how sexual behavior 
relates to health outcomes, and publicly 
available summary statistics from our 
GWAS may be used by other researchers 
to better understand genetic and envi- 
ronmental influences on sexual behavior, 
facilitating a fuller understanding of 
human health. 

Holm and Ploug argue that partici- 
pants may not have given consent for our 
study based on the information they had 
about the potential use of their data. We 
believe that when broad biobank consent 
is used, institutional bodies (such as the 
UK Biobank’s Board and its Access Sub- 
Committee) must take responsibility for 
approving specific research requests rather 
than expecting participants to understand 
all such details for possible research proj- 
ects. We also point out that participants 
had more options and information than 
Holm and Ploug describe. The UK Biobank 
pamphlet (9) emphasizes that participants 
can skip or select “prefer not to answer” 
for any question; an additional message 
underlining this option was presented 
before the section with sexuality-related 
questions. The UK Biobank’s consent 
and information forms also explained its 
intention to “support a diverse range of 
research” including “the promotion of 
health throughout society,’ and it stated 
that health “is affected by [people’s] life- 
style, environment, and genes” (9). Given 
this full context, the genetic study of sexual 
behavior is both health-related and consis- 
tent with the consent of the participants. 

Richardson et al. discuss the issue of 
selective sampling and comment that 
the social and historical context of the 
participants may affect our findings. 

We acknowledged both the limits of our 
samples and the importance of sociocul- 
tural context in our Research Article. We 
agree with Richardson e¢ al. that analyz- 
ing the data according to birth year and 
taking into account cultural factors would 
be fascinating. Indeed, we did attempt 
some preliminary analyses to evaluate 
whether this line of inquiry was feasible. 
Unfortunately, fine-grained analyses strati- 
fied by birth year require extremely large 
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samples to detect the relevant effects, and 
statistical power analyses indicated that 
the current sample size was insufficient to 
yield meaningful results (we reported some 
sensitivity analyses in table S5). As GWAS 
sample sizes continue to grow, more analy- 
ses will become more feasible, and we look 
forward to contributing to these investiga- 
tions. We join others (J0—/2) in calling for 
greater diversity in these samples. 
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report that cryptobenthic fishes underpin 
coral reef ecosystem function by contributing 
~60% of “consumed fish” biomass and ~20% 
of production. These results are artifacts of 
their simulation. Using their data and model, 
we show that cryptobenthic species contrib- 
ute less than 4% to fish production, calling 
into question the extent to which they contrib- 
ute to the high productivity of coral reefs. 
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Brandl e¢ a/. (Reports, 21 June 2019, p. 1189) report that cryptobenthic fishes underpin coral reef 
ecosystem function by contributing ~60% of “consumed fish” biomass and ~20% of production. These 
results are artifacts of their simulation. Using their data and model, we show that cryptobenthic species 
contribute less than 4% to fish production, calling into question the extent to which they contribute to the 


high productivity of coral reefs. 


A long-standing question in coral reef ecology is “How can 
reefs be so productive while residing in such nutrient-poor 
environments?” Brandl et al. (1) estimated the contribution 
of cryptobenthic fishes, an elusive and underappreciated 
group, for total coral reef fish production. They provide in- 
teresting and novel perspectives on the unique life history 
characteristics of cryptobenthics, showing that they have 
disproportionately high reproductive and larval supply 
rates, but also high mortality, relative to other major reef 
fishes. On this basis, the authors suggest that cryptobenthics 
may help to fuel the rapid nutrient- and energy-recycling 
rates that typify coral reefs (2, 3). Their main finding was 
that as a result of this high mortality rate, cryptobenthic 
fishes contribute ~60% of the “consumed fish” biomass in 
coral reefs (and ~20% of fish production), and thereby rep- 
resent a large and previously unknown source of energy that 
supports coral reef fish production. 

We applaud the authors for bringing to light these im- 
portant life history traits, but we argue that their estimates 
of the contribution of cryptobenthic fish to fish production 
are an artifact of their analyses. Brandl et al. used a numeri- 
cal simulation of larval supply and growth to calculate the 
relative production of cryptobenthic species after a single 
year. In doing so, they neglect the contributions of fish that 
live more than 1 year, thus vastly overestimating the contri- 
butions of cryptobenthic fishes to fish production on coral 
reefs. 

The stated goal of the study was to estimate the extent 
to which cryptobenthic fish species “promote internal reef 
fish biomass production” (i.e., secondary production). In- 
stead of focusing on the contribution of cryptobenthics to 
secondary production, defined as the biomass accumulated 


Publication date: 20 December 2019 


by a population per unit time (4), Brandl et al. focused pri- 
marily on quantifying their contribution to “consumed bio- 
mass,” which they define as all biomass lost to mortality 
(ie., all fish that die are consumed) (7). Consumed biomass 
is an inherent component of production, as it represents 
biomass produced in previous time steps that, once eaten, 
will not continue to produce biomass. But it is not a good 
proxy for production. Consider a population with a new co- 
hort of three individual recruits that die over time (Fig. 1A). 
At time 4, the contribution to production by all individuals 
is the same; only the black individual has died and thus 
contributes 100% to consumed biomass. By ¢s, the red indi- 
vidual contributes much more to production because it has 
not died, but has contributed nothing to consumed biomass. 
When all fish die, production and consumed biomass are 
equal. This conceptual figure illustrates two things: (i) Con- 
sumption is not a good proxy for production because fish 
that are not consumed still contribute to secondary produc- 
tion, and (ii) the timing at which estimates are measured is 
critical to estimates of both production and consumption. 
To quantify the importance of cryptobenthic fish to cor- 
al reef fish production, Brandl et al. used a numerical simu- 
lation in which cohorts of 3000 larvae (~65% of which are 
cryptobenthic species on average) recruit to a reef every day 
for 365 days [supplementary materials of (Z)] (Fig. 1B, blue 
box). Using family-level growth and mortality rates, Brandl 
et al. summed the new biomass produced and the consumed 
biomass (assuming all fish that die are consumed) of all in- 
dividuals in their simulation over the first 365 days. Using 
this model, they found that cryptobenthics represent ~60% 
of the consumed biomass (i.e., fish that died) and contribute 
~20% of total fish production in this first year (with the re- 
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maining percentages contributed by non-cryptobenthic spe- 
cies). 

An important finding of Brandl et al. is the high mortal- 
ity of cryptobenthic fishes, relative to non-cryptobenthic 
fishes, that occurs in the first year. However, by calculating 
consumed biomass and production after only 365 days, they 
ignored all production that occurs from larval recruits that 
survived past the first year (predominantly non- 
cryptobenthic fishes). In essence, their model is populating 
a reef with larval recruits that is otherwise devoid of fish, 
under the assumption that the recruits are the only fish that 
can contribute to production. As such, calculating consumed 
biomass and production after only the first year is tanta- 
mount to making this calculation at t, assuming that the 
black and blue fish are cryptobenthics (Fig. 1A)—that is, 
they represent the majority of larval recruits (7). The stated 
goal of the study was to estimate the contribution of larval 
recruits to “reef fish biomass production.” Without includ- 
ing surviving individuals in their model, the contribution of 
cryptobenthics to fish production or consumed biomass is 
overestimated. To avoid these issues, estimating production 
by recruits requires that cohorts are tracked over longer 
time horizons, so as to account for differential mortality 
rates among species (Fig. 1A). 

Using the authors’ published code and parameters 
[supplementary materials of (J)], we recalculated produc- 
tion and consumed biomass in two ways. First, we tracked 
8000 individual cohorts until <1% of individuals remained 
in each. The average contribution of cryptobenthic fish to 
total fish production across all cohorts after 2, 3, 10, and 20 
years was 3.3%, 2.2%, 1.1%, and 1.0%, respectively (28.4%, 
19.0%, 7.7%, and 6.0% for “consumed biomass”; Fig. 2, A and 
C). Note that extending the simulations by only 1 to 2 years 
markedly reduces the estimated contribution of cryptoben- 
thics to fish production, thereby demonstrating that the 
high levels of production from non-cryptobenthic species 
are not reliant on long-lived, large individuals. Applying a 
second community-level approach where a new cohort was 
added per day following Brandl et al., but extending the 
simulation until <1% of the individuals in the initial cohorts 
remained (19 to 20 years; Fig. 1B), we found a similar result: 
Cryptobenthics contribute 1.0% to produced biomass and 
6.4% to consumed biomass. 

The key mechanism provided by Brandl ez al. for the 
importance of cryptobenthic fishes is their high turnover. To 
calculate turnover, Brandl e¢ al. divided the “consumed bi- 
omass” by standing biomass, essentially providing a meas- 
ure of how fast the cohort of cryptobenthics was consumed 
in the first year—a measure that is circular to their model 
with implicitly high mortality rates for cryptobenthics. 
Turnover is typically quantified as production divided by 
biomass (Brandl e¢ al. call this “net turnover”), which pro- 


Publication date: 20 December 2019 


vides an important measure of how fast biomass is being 
replaced via production. In their supplementary materials, 
Brandl et al. themselves show that turnover (i.e., produc- 
tion/biomass) is greater for non-cryptobenthic fish. 

We applaud the contribution of this study for highlight- 
ing the unique life history characteristics of these poorly 
understood fishes, and much of the information generated 
by Brandl et al. is important. We also recognize that in 
many cases Brandl et al. use conservative approaches to es- 
timate the contribution of cryptobenthic fish to fish produc- 
tion. But we disagree that cryptobenthic species “underpin 
reef fish biomass production” as stated by Brandl et al., and 
we show here that their contribution is likely much lower 
than the estimates reported by these authors. 
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Fig. 1. Conceptual models illustrating the importance of timing for calculating secondary production. (A) Calculating 
secondary production (i.e., the production of new biomass) following individual cohorts through to death. X indicates 
when an individual dies; O indicates that it is alive and included in production. The inset shows the total biomass produced 
and consumed, as well as the percent contributions of each individual to produced and consumed biomass per time step 
[Prod/Cons (%)]. This illustrates the importance of allowing all individuals to die before calculating production and 
highlights that considering only those individuals that die at certain time steps is not a useful proxy for production. (B) 
Calculating secondary production following multiple cohorts until all individuals from the initial cohort die. At each time 
step, a new cohort enters the system (represented by different rows, with the size of the circle indicating the number of 
individuals remaining over time). The colored portions of each circle represent the proportion of individuals belonging to 
cryptobenthic (blue) and non-cryptobenthic (orange) fishes. The proportion of cryptobenthic fishes (blue) diminishes 
rapidly because of their high mortality rate. Brandl et a/. (1) calculated production for the first year only (blue box). Doing 
so inflates the production of cryptobenthics because it omits the additional contribution to production by all other cohorts 
in the community that survive beyond that time period. In essence, their model assumes that the larval recruits are the 
only fishes on a reef that contribute to production, as if there were no fish present starting at day O in their simulation. 
This has a greater effect on inflating consumed biomass because of the disproportionate amount of cryptobenthic larvae 
that die shortly after settlement (death is assumed to be by consumption). 


Publication date: 20 December 2019 www.sciencemag.org 3 


A 7.7% B 
>=  3°3.3% 
Do Pi pe22% 1.1% +t 
xt : oO és - 
Cc = S 
Ao) & 9 
moO iat on 
eo) oo > 
=) a loo) 
xe) [o) Cc 
2 a o 
fo” =< oS Q =] 0 1 2 
Pa og 
g 5 8 
— . LL 
io) - a 
XS re) 8 
=| — -) 
E 7 ” 
5 ro) rr) °o 


) 100 200 
Cumulative production (kg) 


0.6 


0 2000 


0.4 


Prop. cryptobenthic 
Frequency 
° 
\ 
re 


0 0.2 
0 3000 


Cumulative consumed (kg) < 


5 10 15 20 Og, oe 100 
Year Cumulative consumed (kg) 
«=< Cryptobenthic «== Non-cryptobenthic «Prop. cryptobenthic 


Fig. 2. Production and consumed biomass of cryptobenthic and non-cryptobenthic species using the 
data and model from Brandl et a/ carried out to 20 years (<1% of individuals remaining). (A and C) 
Average cumulative production (A) and consumption (C) of cryptobenthic (blue) and non-cryptobenthic 
(orange) species across 8000 stochastic cohorts. Vertical dashed lines represent the percent contribution of 
cryptobenthic species to production (or consumed biomass) at 1, 3, 5, and 10 years. Brandl et a/. calculated the 
mean contribution to consumed biomass and production by averaging proportions, which can only be done 
when the denominator used to calculate each proportion is the same (not the case here). We calculated 
proportions by summing the production (or consumed biomass) of cryptobenthic species (black) and dividing 
by the sum of the total fish production (or consumed biomass) for each time step across all 8000 simulated 
cohorts. (B and D) Histograms of the cumulative production (B) and consumption (D) of cryptobenthic species 
after 20 years for all 83000 simulations. The x axis for non-cryptobenthic species is truncated to better show 
the distribution shape (<1% of simulations are omitted). 
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Allgeier and Cline suggest that our model overestimates the contributions of cryptobenthic fishes to coral 
reef functioning. However, their 20-year model ignores the basic biological limits of population growth. If 
incorporated, cryptobenthic contributions to consumed fish biomass remain high (20 to 70%). 
Disturbance cycles and uncertainties surrounding the fate of large fishes on decadal scales further 
demonstrate the important role of cryptobenthic fishes. 


In their comment on our study, which highlighted the role 
of cryptobenthic fishes in coral reef trophic dynamics (J), 
Allgeier and Cline (2) question the value of consumed bio- 
mass and consumption turnover as components of reef fish 
productivity and posit that the contributions of cryptoben- 
thic fishes to consumed biomass decrease greatly when our 
theoretical model is extended to ~20 years, rather than the 
365 days used originally. Their comment provides a wel- 
come opportunity to elaborate on the dynamics that under- 
pin the role of cryptobenthic fishes on coral reefs. 

We fully agree that consumed biomass is not the same 
as traditional productivity; rather, it represents the compo- 
nent of production that is transferred to the next trophic 
level. In fact, we noted that “cryptobenthics appear to make 
negligible contributions to net productivity and standing 
fish biomass” when highlighting their role as rapidly replen- 
ishing vectors of energy to larger-bodied fishes, a role we 
quantify as consumed biomass (7). Similarly, consumption 
turnover (our metric) and net turnover [traditionally de- 
fined as production/biomass, the P/B ratio (3)] quantify dis- 
tinct aspects of how quickly particles move through the food 
web. Net turnover describes how quickly newly produced 
particles are stored as standing biomass, whereas consump- 
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tion turnover quantifies how rapidly they are passed to 
larger consumers. 

Allgeier and Cline present a series of models to show 
that (i) at a hypothetical endpoint, when all individuals have 
died, consumed and produced biomass are equal (this is 
axiomatic); (ii) without replenishment, cryptobenthic popu- 
lations rapidly decrease in net produced and consumed 
biomass [this is also axiomatic, given that small sizes and 
short lives are the hallmarks of cryptobenthic life history 
(4)]; and (iii) when our model is extended over ~20 years, 
the contribution of cryptobenthic fishes decreases even 
when populations are replenished. 

Extending short-term simulations of individual growth 
and mortality to decadal scales introduces a range of unac- 
counted meta-community, community, and population dy- 
namics and, as such, should be interpreted with caution. 
Most important, however, Allgeier and Cline’s simulations 
disregard basic size-dependent limits on population growth. 
After 20 years, the abundance of large reef fishes in Allgeier 
and Cline’s model (~70% of individuals) greatly surpasses 
that of cryptobenthics (~30%) (Fig. 1A), which sharply con- 
trasts with empirical data. Empirical densities from the 
three distinct locations in our original paper (7) show that 
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cryptobenthic fishes account for ~66% of individual fishes 
on reefs [but can, in some cases, account for up to 95% (5)], 
which reflects the positive relationship between body size 
and self-thinning rates in populations that constrain larger- 
bodied individuals to lower densities (6). This suggests that 
Allgeier and Cline’s simple temporal extension of our model 
greatly exceeds the ecologically plausible population growth 
of large reef fish species. The well-documented temporal 
clustering of large reef fish recruitment (and resulting den- 
sity-dependent mortality) compared to the continuous set- 
tlement, growth, and death of cryptobenthics (7) further 
aggravates this issue. Our paper highlighted the omissions 
of density dependence and recruitment pulses in our origi- 
nal, short-term model as simplifications that likely reduce 
the contribution of cryptobenthics to consumed biomass 
[supplementary materials of (J)]. 

Nonetheless, Allgeier and Cline’s comments provide a 
valuable opportunity to devise a more nuanced model that 
integrates additional real-world processes. We reran their 
20-year simulations with a simple, empirically supported 
density constraint on large reef fish densities relative to 
cryptobenthics (based on the proportions detailed above) 
where recruits experience instantaneous mortality if the 
population threshold is reached. The extension of the model 
time frame results in contributions of cryptobenthics to 
consumed biomass after 2, 3, 10, and 20 years of 43%, 32%, 
20%, and 19%, respectively; these proportions are invariably 
more than three times the estimates of Allgeier and Cline 
(2) (Fig. 1B). Furthermore, Allgeier and Cline misinterpret 
figure S6E of (7) when claiming that large reef fishes have 
higher net turnover than cryptobenthics (2). The figure 
tracks single cohorts over 365 days, rather than summariz- 
ing cumulative contributions that incorporate replenish- 
ment. In the extended model, the P/B ratio (ie. net 
turnover) of cryptobenthics increases from ~300% to ~390% 
year’ after 22 years, whereas that of large reef fish declines 
from 130% to 50% year" (Fig. 1C). 

Although the temporal extension of our model indeed 
reduces the contribution of cryptobenthics to consumed 
biomass, even when simple group-specific population 
thresholds are imposed, ecological dynamics operating on 
reef fish communities over larger temporal scales cannot be 
disregarded (Fig. 2). Given sufficient time without disturb- 
ance, large-bodied, mature individuals perish and supply a 
higher contribution to consumed biomass than do crypto- 
benthics. However, this contribution hinges on spatial and 
temporal uncertainties. Spatially, in the absence of fishing, 
most large, mature fishes (e.g., large groupers) will eventual- 
ly fall prey to large, transient predators [e.g., (8)], which 
transfer energy and nutrients across seascapes (9) and rep- 
resent a net export for reefs. Where fishing occurs, the larg- 
est fishes are preferentially caught and consumed (JO), 
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which again removes energy and nutrients from the reef 
and diminishes the contribution of large reef fishes to con- 
sumed biomass. Temporally, cyclical disturbances (e.g., trop- 
ical storms) are likely to alter population dynamics by 
causing mortality for large individuals [e.g., (J71)]. Such dis- 
turbances occur at much higher frequencies than the 20- 
year time frame of our model (/2), thus bringing into ques- 
tion the steady equilibrium of reef fish assemblages in ex- 
tended simulations. 

Overall, through their demonstrated population dynam- 
ics, cryptobenthic reef fishes provide a continuously availa- 
ble and predictable daily source of energy and nutrients for 
predators at local scales despite having a relatively small 
direct contribution to the traditional metric of secondary 
production. Over longer time frames and entire seascapes, 
the contribution of larger, longer-lived species can increase. 
However, even in the most extreme (and unlikely) scenarios, 
the daily contributions of cryptobenthic fishes still amount 
to 20% of consumed fish biomass, and our revised model 
yields a maximum contribution of 68% after 70 to 80 days. 
Our original estimate lies firmly within this range. Thus, 
regardless of the temporal and spatial scales considered, 
cryptobenthic reef fishes provide a sustained and sustaining 
resource on coral reefs. 
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Fig. 1. Contribution of cryptobenthic and large reef fishes to energy and nutrient fluxes over time. (A) Abundance of 
cryptobenthic reef fishes (blue line) and large reef fishes (light gray line) over 8000 days (~22 years). In Allgeier and 
Cline’s simulation, large reef fishes greatly outnumber cryptobenthic individuals (~70% versus 30%), which is at odds 
with empirical data and ecological theory. The dark gray trajectory shows constrained large reef fish densities based on 
empirical data from the supplementary materials of (1). (B) Daily contributions to consumed biomass over ~22 years 
under the density-constrained simulations. Cryptobenthic reef fishes account for a minimum of ~20% consumed 
biomass, which is more than three times the estimate of Allgeier and Cline. (C) Net turnover of cryptobenthic and large 
reef fishes, averaged for each year (starting at the end of year 1). Contrary to Allgeier and Cline’s interpretation, 
cumulative cryptobenthic turnover far exceeds that of large reef fishes after 1 year and increases through time. 
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Fig. 2. Conceptual diagram highlighting spatial and temporal factors that determine the trophic 
contribution of cryptobenthic fishes. Over short time frames (as created by frequent pulse 
disturbances or fishing pressure) and within a spatially constrained reefscape, cryptobenthics 
dominate the production of consumed fish biomass. Over longer time frames that result in mature, 
steady-state fish assemblages and across entire seascapes, the role of larger species may increase, 
but little is known about the ultimate fate of large-bodied species. Cryptobenthic reef fishes, in 
contrast, do not die of old age. 
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AAAS Local Science Engagement Network gets under way 


Scientists seek to inform Missouri and Colorado policy-makers and climate solutions for communities 


By Anne Q. Hoy 


The American Association for the Advancement of Science has 
partnered with pilot initiatives in Missouri and Colorado to integrate 
scientists with local and state policy-makers, community stake- 
holders, and the public to leverage scientific evidence and inform 
efforts to address varied local impacts of climate change. 

The AAAS Local Science Engagement Network seeks to forge 
alliances among diverse and multidisciplinary groups of scientists, 
civic leaders, academic institutions, decision-makers, and repre- 
sentatives of scientific societies to advance regional responses to 
the flooding of agricultural lands, impacts of urban heat islands and 
droughts in Missouri, and premature snow melts, droughts, and 
suburb-encroaching wildfires in Colorado. 

“Instead of focusing on global theoretical concepts of climate 
change or impacts that are happening in far-flung communities in 
this country or internationally, we want local scientists to talk about 
how they can inform local decisions that improve the lives of people 
sitting in the room,” said Dan Barry, director of AAAS’s Local Sci- 
ence Engagement Network. 

More than a year in the making, the program was initiated by 
leaders in the scientific community and AAAS members seeking to 
establish a nationwide plan for supporting networks of scientists to 
engage with policy-makers and contribute solutions to the range of 
challenges facing local and state communities. 
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The climate work of the Local Science Engagement Network is 
supported by the Grantham Foundation for the Protection of the 
Environment, Benjamin and Ruth Hammett, Reinier and Nancy 
Beeuwkes, Rush Holt and Margaret Lancefield, the Atkinson Family 
Foundation, Gary and Denise David, the estate of Abraham Ringel, 
and other generous donors. 

Going forward, the program aims to set up networks in three ad- 
ditional states, Barry said, to assist communities and state policy- 
makers in implementing effective solutions to challenges raised by 
climate change with the help of fact-based and impartial scientific 
knowledge. The program's current theme may grow into exploring 
other climate-related impacts, including rural poverty economy and 
public health concerns, he added. 

The pilot network reflects a strategy long recognized by AAAS 
in expanding scientific engagement with the public, through the 
articulation of common goals, activities, and structures. Partici- 
pants in Missouri and Colorado have pledged to take part in civic 
engagement that elevates the capacity of science through a host of 
public outreach activities and events. 

Communities of scientists also are being assembled by program 
leaders in each state to serve as an advisory council made up of 
topical scientific experts willing to participate in policy discussions; 
share fact-based research drawn from local, regional, and national 
analyses; and author topical reports. The two pilot programs will 
collect scientific analyses and reports in electronic libraries to 


sciencemag.org SCIENCE 


Published by AAAS 


PHOTO: CAPTAIN DARIN OVERSTREET/U.S. AIR FORCE 


PHOTO: KATIE WEEMAN/CIRES/UNIVERSITY OF COLORADO BOULDER 


A Colorado make such materials more accessible to stakehold- 
wildfire in ers and the public. 

2013 was the “We're hoping that positive solutions, real solu- 
state’s most tions will take root and that we'll be able to start to 
destructive. engineer a little bit of social change where the value 


of science is reasserted,” said Barry. “Part of the 
problem we seek to address is that science has been intentionally 
and unintentionally marginalized as a tool for decision-making in 
this country.” 

In Missouri and Colorado, participating scientists will be offered 
communications training through AAAS Communicating Science 
workshops that coach participants on fundamental communica- 
tions techniques and on how best to engage with local and state 
policy-makers. The workshops, developed by the AAAS Center for 
Public Engagement with Science and Technology, are tailored to 
help scientists effectively share information with the public. 

Local leaders now being selected in the two states offer a wealth 
of scientific experience. In Missouri, 
Rachel Owen, a Ph.D. soil scientist, 
will become program director of the 
Missouri Local Science Engagement 
Network when it launches in January. 

The framework for the Missouri 
Local Science Engagement Network 
calls on Owen to ensure that the 
network provides science commu- 
nications, civic engagement, and 
effective advocacy from AAAS and 
other partners and holds regular 
networking events to facilitate 
conversations among scientists, 
policy-makers, and local leaders. 

The network plan in Missouri will 
enable the program to identify the 
diverse needs of different demo- 
graphic, economic, and cultural 
regions in a state that spans from 
the sparsely populated Ozarks to 
more populated urban and suburban 
communities. The plan pledges to engage local stakeholders to en- 
sure that evidence-based perspectives woven into climate solutions 
apply to diverse communities. 

Owen already has received confirmations from seven scientists 
to serve on the Missouri Local Science Engagement Network's 
advisory council. So far, the council has begun meeting to discuss 
everything from policy opportunities to communications and advo- 
cacy training. “We're going to try to make it as easy as possible for 
them to bring science to the conversation,” she said. 

The initial council members represent a varied group, includ- 
ing university faculty, representatives of the nonprofit The Nature 
Conservancy, and climate scientists, some of whom are active in 
Missouri's Climate Action Coalition, a group of elected officials and 
community leaders throughout Kansas City who work with state 
policy-makers. 

The council also includes Barbara Schaal, a former AAAS presi- 
dent, an evolutionary biologist, and dean and professor at Wash- 
ington University in St. Louis. Schaal, like many AAAS leaders, has 
long advocated the need for the science community to engage with 
policy-makers and the public about the value of science. 

In Colorado, Maxwell Boykoff, director of the Center for Science 
and Technology Policy Research at the University of Colorado Boul- 
der, and Matthew Druckenmiller, a research scientist at the National 
Snow and Ice Data Center in the Cooperative Institute for Research 
in Environmental Sciences, also are at work developing the Colorado 


a climate conversation. 
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Colorado State Senator Steve Fenberg (left) and Max Boykoff host 


Local Science Engagement Network set to launch in January. 

The Colorado network will produce an annual report to be made 
up of focused and concise briefing papers on timely policy top- 
ics and explore noteworthy scientific advances. The briefs will be 
authored by a multidisciplinary group of Colorado scientists. Essays 
written by decision-makers, practitioners, and stakeholders also will 
be included to provide a mix of perspectives. 

The report is intended to ensure that the latest scientific research 
is made publicly available to inform climate policy decisions facing 
Colorado lawmakers and to build a diverse network of scientists 
throughout the state and give communities opportunities to inte- 
grate science into policy discussions and decision-making processes. 

Boykoff said that community teams will be developed to help 
frame strategies to more effectively fold science into local policy 
debates and response proposals, particularly as they relate to ad- 
dressing climate impacts across the state. 

Already, plans are in place to contribute to policy conversations 
stemming from a climate action plan 

Boulder adopted 3 years ago. The 
city plan calls for 80% reductions 
in greenhouse gas emissions by 
2050, 80% reductions of emis- 
sions generated by city government 
operations, and a transformation to 
100% renewable electricity by 2030. 
The plan has led Boulder to adopt 
a Climate Mobilization Action Plan 
that places “equity and resilience” 
at the center of its implementation, 
Boykoff noted. 

“AAAS and the Local Science 
Engagement Network is going to cata- 
lyze all kinds of important connec- 
tions that need to be made because 
Boulder is very different than the 
communities in the state’s Western 
Slope,” Boykoff said. “To make those 
links, we really want to reach beyond 
the leading actors and engage with 
folks that might otherwise not be considering too carefully the various 
science-related challenges that actually impact their everyday lives.” 

A key objective for Druckenmiller is to establish a network of 
Colorado scientists who can identify climate change impacts; de- 
scribe how they affect people, ecosystems, and response plans; and 
incorporate such information into the annual report. 

Challenges facing Colorado are not insignificant, he noted. About 
70% of the state’s annual water supply comes from snow melt. 

Yet, warming temperatures and the increasing variability of snow 
cover require a better scientific understanding of how the state’s 
snowpack and water resources are changing, he said. In addition, 
the increasing frequency and severity of wildfires are related to fluc- 
tuating water resources. 

Although the Colorado state legislature’s regular session lasts no 
more than 120 days annually, interim committees continue to work 
through issues outside of the legislative session. The new initiative 
aims to put forward a network of scientists to serve as a resource 
for legislators during that interim period when they are beginning to 
craft legislation. 

The off-session period also is a time when lawmakers visit, talk, 
and listen to voters. This period, Druckenmiller said, is a perfect 
time for scientists to not just serve as a significant resource for 
lawmakers but, importantly, also to reach out to constituents. 

“This project is not only about engaging policies,” Druckenmiller 
said. “It gets done by engaging the public.” 
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SOFT ROBOTS 


Self-contained, sturdy, and small 


any people prefer not to encounter insects, but engineers 
admire them for their flexibility, multifunctionality, and dura- 
bility. Ji et al. designed insect-scale, lightweight, fast, legged 
soft robots that move using low-voltage stacked dielectric 
elastomer actuators (DEAs). The robots, called DEAnsects, 


NEURODEVELOPMENT 
Hyperexcitable neurons 
in brain organoids 


Individuals with Angelman 
syndrome experience intel- 
lectual disability and seizures 
throughout their lives. In this 
condition, ubiquitin-mediated 
degradation of a key potassium 
channel is disrupted, allowing 
for the neuronal excitability and 
network synchronization that 
leads to seizure. Sun et al. used 
brain organoid technology to 
study what happens in human 
neurons with a mutation ina 
ubiquitin ligase that is implicated 
in Angelman syndrome. In these 
in vitro models and in a mouse 
model of Angelman syndrome, 
antagonists for the potassium 
channel normalized neuronal 
excitability. —PJH 

Science, this issue p. 1486 
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MECHANOCHEMISTRY 
Redox catalysis 
in a ball mill 


Mixing solid reactants in a ball 
mill is a promising means of 
avoiding the copious solvent 
waste associated with most 
chemical syntheses. Kubota et al. 
now report that adding a piezo- 
electric catalyst to the mix can 
promote bond formation through 
apparent electron transfer cycles 
(see the Perspective by Xia and 
Wang). Specifically, barium 
titanate activates aryl diazonium 
salts toward borylation and 
coupling with heterocycles ina 
manner reminiscent of solution- 
phase photoredox catalysis. The 
reactions are insensitive to air 
and were demonstrated up to 
gram scale. —JSY 

Science, this issue p. 1500; 

see also p. 1456 


Asoft-bodied, 
insect-like robot 


‘ 
do not need to be tethered to a power supply and contain ultra- 


light onboard contr 


ctronics for autonomous navigation of a 


preprinted path. DEAnsects can even survive an impact from a fly 
swatter and resume motion after a brief pause. —TW 


Sci. Robot. 4,eaaz6451 (2019). 


EMOTION AND LANGUAGE 
The diverse way that 
languages convey emotion 


It is unclear whether emotion 
terms have the same mean- 
ing across cultures. Jackson 
et al. examined nearly 2500 
languages to determine the 
degree of similarity in linguis- 
tic networks of 24 emotion 
terms across cultures (see the 
Perspective by Majid). There 
were low levels of similarity, and 
thus high variability, in the mean- 
ing of emotion terms across 
cultures. Similarity of emotion 
terms could be predicted on 
the basis of the geographic 
proximity of the languages they 
originate from, their hedonic 
valence, and the physiological 
arousal they evoke. —TSR 
Science, this issue p. 1517; 
see also p. 1444 
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SOLAR CELLS 
Optimizing surface 
passivation 
Unproductive charge recom- 
bination at surface defects 
can limit the efficiency of 
hybrid perovskite solar cells, 
but these defects can be 
passivated by the binding 
of small molecules. Wang et 
al. studied three such small 
molecules—theophylline, 
caffeine, and theobromine— 
that bear both carbonyl and 
amino groups. For theoph- 
ylline, hydrogen bonding 
of the amino hydrogen to 
surface iodide optimized the 
carbonyl interaction with 
alead antisite defect and 
improved the efficiency of 
a perovskite cell from 21 to 
22.6%. —PDS 

Science, this issue p. 1509 
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IMMUNOLOGY 
A different way for yd 
T cells to bind 


The ligands bound by ¥é T cell 
receptors (TCRs) are less well 
characterized than those of 
their a8 TCR cousins, which are 
antigens presented by major 
histocompatibility complex 
(MHC) and related proteins. Le 
Nours et al. identified a pheno- 
typically diverse y8 T cell subset 
in human tissues that reacts to 
MHC-related protein 1 (MR1), 
which presents vitamin B deriva- 
tives. A crystal structure of a 
ys TCR-MR1-antigen complex 
revealed that some of these TCRs 
can bind underneath the MR1 
antigen-binding cleft instead of 
recognizing the presented anti- 
gen. This work thus uncovers an 
additional ligand for y6 T cells and 
reconceptualizes the nature of 
T cell antigen recognition. —STS 
Science, this issue p. 1522 


SUPERFLUIDITY 
Following vortices around 


When stirred, superfluids react 
by creating quantized vortices. 
Studying the dynamics of these 
vortices, especially in the strongly 
interacting regime, is techni- 
cally challenging. Sachkou et 
al. developed a technique for 
the nondestructive tracking of 
vortices in thin films of superfluid 
helium-4. Their system contained 
a microtoroid optical cavity 
coated by a thin film of helium-4, 
in which vortices were created by 
using laser light. When imaging 
the subsequent dynamics of the 
vortices, the researchers found 
that coherent dynamics strongly 
dominated over dissipation. —JS 
Science, this issue p. 1480 


Model of a third-sound mode 
on the surface of a 
microtoroid 
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MATERIALS SCIENCE 
Probing polycrystals’ 


stress 


The way that a polycrystalline 
material deforms is in part 
determined by internal stresses 
between and within crystal 
grains. Hayashi et al. developed 
an x-ray method for mapping the 
intragranular stresses in a poly- 
crystalline material. They found 
surprisingly large stresses, which 
are important for the fundamen- 
tal understanding of how these 
materials will fail. This method 
will work for other materials and 
provides important information 
for multiscale deformation mod- 
eling. —BG 

Science, this issue p. 1492 


CANCER 
p53 makes a comeback 


One reason that cancer cells 
are so difficult to kill is that they 
often lack p53, a key tumor 
suppressor that promotes 
apoptosis. To address this 
problem, Kong et al. devised a 
way to restore p53 gene expres- 
sion in tumors by delivering 
p53 messenger RNA (mRNA) 
in nanoparticles. To minimize 
damage to healthy tissues, the 
authors used redox-responsive 
nanoparticles, taking advantage 
of the relative hypoxia of tumors. 
The use of MRNA rather than 
DNA provided an additional 
safeguard because MRNA 
acts directly in the cytoplasm, 
without integrating into host cell 
DNA and introducing mutations. 
The researchers tested their 
approach in multiple models in 
vitro and in vivo, with promising 
results. —YN 

Sci. Transl. Med. 11, eaaw1565 (2019). 
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TISSUE REGENERATION 
Attending to tendons 


For many athletes, an injury to a 
tendon (the tissue that connects 
muscle to bone) can be career 
ending. The regenerative capac- 
ity of tendons is limited; even 
after surgical repair, tendons 
often do not regain their original 
mechanical strength because of 
scar tissue formation. The mech- 
anisms involved in the response 
to tendon injury are poorly 
understood. Studying the patel- 
lar tendon in mice, Harvey et al. 
found that tendon stem cells 
and scar tissue progenitor cells 
reside within the same micro- 
environmental niche and that 
the activity of both cell types is 
stimulated by platelet-derived 
growth factor receptor a. The 
shared response to this signaling 
pathway explains why fibrosis 
accompanies tendon healing and 
suggests that therapeutically 
disentangling the two responses 
may be difficult. —PAK 

Nat. Cell Biol. 12,1490 (2019). 


SOCIAL PSYCHOLOGY 
Repeated fake headlines 
feel more moral 


The repetition of false claims in 
the news may have downstream 
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effects on information pro- 
cessing. Effron and Raj found 
that repeatedly viewing a false 
headline increased approval 
and reduced perceptions of how 
unethical it would be to share 

it with others. Drawing on prior 
research, the authors hypoth- 
esized that repeated exposure 
increases the extent to which 
information feels true, even 
when participants know it is not. 
This intuitive feeling of truth is 
then used as an incorrect cue to 
signal the moral acceptability of 
sharing. These results suggest 
that news headlines that repeat 
false claims may inadvertently 
improve the moral standing of 
the speakers of those claims. 
—TSR 


Psychol. Sci. 
10.1177/0956797619887896 (2019). 


BIOMINERALIZATION 
Getting attached early 


Carbonate biomineralization 

in a variety of organisms relies 
onacrystallization process 
whereby small calcium carbon- 
ate particles directly attach to 
one another to grow hard parts 
like shells, spines, and skel- 
etons. Although this mechanism 
is reasonably widespread today, 
Gilbert et al. wondered how far 
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CLIMATE ECOLOGY 
Trees stumped 


s global temperatures rise, the distribu- 
tion of ecological communities will 
shift, and their composition will change. 
Other things being equal, tree commu- 
nities in the northern temperate zone 
are expected to expand northward. However, 
this will not be a seamless migration. Solarik 
et al. assessed the factors affecting the 
potential spread of temperate-zone trees 
into the boreal forest zone in northeastern 
North America. They found that substrate 
conditions, especially decaying wood and 
conifer needle cover, inhibit germination and 
establishment of temperate tree seedlings at 
the temperate-boreal transition. Hence, the 
northward progress of the temperate forest 
is likely to be patchy. -AMS 
J. Ecol. 10.1111/1365-2745.13311 (2019). 


Aerial view of the Canadian taiga in northern Manitoba 
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back they could find evidence of 
a similar process. By studying 
a characteristic texture that 
develops from crystallization 
by particle attachment, they 
identified this type of miner- 
alization in a wide range of 
fossils. Particle attachment 
likely occurred as far back as 
the Cambrian and developed 
independently in different spe- 
cies. —BG 

Proc. Natl. Acad. Sci. U.S.A. 

116, 17659 (2019). 


AGING 
Inside the matrix 


By performing a screen in 
human fibroblasts to detect 
genes that help cells survive the 
stress of protein misfolding in 
the endoplasmic reticulum (ER 
stress), Schinzel et al. detected 
the gene encoding transmem- 
brane protein 2 (TMEM2), which 
is a cell-surface hyaluronidase 
active in the extracellular 
matrix. TMEM2 acted inde- 
pendently of the canonical 
unfolded-protein response 
pathways in the ER, instead rely- 
ing on the cell surface receptor 
CD44 and stress-activated 
mitogen-activated protein 
kinase signaling. Like ER stress, 
disruptions in the extracellular 
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matrix are seen in aging, and 
enhanced hyaluronic acid syn- 
thesis is thought to be one of 
the ways that the naked mole- 
rat, amammal known for its 
longevity, is protected from can- 
cer. Thus, such signaling from 
glycosaminoglycan metabolism 
may have broad implications in 
health and disease. —LBR 

Cell 179, 1306 (2019). 


ROBOT BEHAVIOR 


Dave versus HAL 9000 


Cooperation between people 
depends on a willingness to 
establish common ground. 
Zanatto et al. asked how the 
basic rules of human coopera- 
tion apply when the other entity 
is arobot that has as much 
decision-making range as a 


human (like HAL 9000 in the 
film 2001: A Space Odyssey). In 
a money-investment game in 
which cooperativity enhanced 
gain, just as between two 
humans, the human-robot pair 
rewarded cooperativity and 
punished selfishness. But the 
human response was tuned 
according to whether the game 
was more or less successful 
than expected and whether the 
robot was more anthropomor- 
phic or more machinelike. In a 
benign setting, the machinelike 
robot elicited more cooperation 
from the human game players. 
In aless rewarding setting, the 
more anthropomorphic robot 
elicited more cooperation from 
the human. The authors specu- 
late that in the more hostile 
environment, people draw more 


HAL 9000, a nonanthropomorphic robot in the film 2001: A Space Odyssey 
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on social attributes to develop 
cooperation. —PJH 
PLOS ONE 14, e€0225028 (2019). 


NANOELECTRONICS 
A guiding path for 
graphene circuits 


The favorable optical, elec- 
tronic, and mechanical 
properties of graphene make 
it a target material for next- 
generation opto-electronics. 
However, that graphene is an 
atomic layer thick, or several for 
bilayer and few-layer graphene, 
can make it challenging to 
pattern circuits with usual litho- 
graphic methods, especially 
at lateral nanometer scales. 
Cheng et al. show that a carbon 
nanotube, separated from the 
graphene by a thin layer of hex- 
agonal boron nitride, creates a 
one-dimensional conduction 
path in the graphene that can 
be controlled by electrostatic 
gating. Demonstrating that the 
charged massless quasipar- 
ticles, Dirac fermions, can now 
be confined to an electronic 
waveguide provides a route 
to developing a platform for 
patterning complex graphene 
circuitry. —ISO 

Phys. Rev. Lett. 123, 216804 (2019). 
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MOLECULAR BIOLOGY 
Biochemical prediction 
of miRNA targeting 


MicroRNAs (miRNAs) regu- 
late most human messenger 
RNAs and play essential roles 
in diverse developmental 
and physiological processes. 
Correctly predicting the func- 
tion of each miRNA requires 
a better understanding of 
miRNA targeting efficacy. 
McGeary et al. measured 
binding affinities between six 
miRNAs and synthetic targets, 
built a biochemical model of 
miRNA-mediated repression, 
and expanded it to all miRNAs 
using a convolutional neural 
network. This approach offers 
insights into miRNA targeting 
and enables more accurate pre- 
diction of intracellular miRNA 
repression efficacy than previ- 
ous algorithms. —SYM 

Science, this issue p. 1470 


TRANSCRIPTOMICS 
Ablood cell protein- 
expression atlas 


Genome-wide analyses are 
increasingly providing resources 
for advances in basic and 
applied biomedical science. 
Uhlen et al. performed a global 
expression analysis of human 
blood cell types and integrated 
this data with data across all 
major human tissues and organs 
in the human protein atlas. This 
comprehensive compendium 
allows for classification of all 
human protein-coding genes 
with regard to their tissue- and 
cell-type distribution. —VV 
Science, this issue p. 1471 


INFECTION 
Spying on bacterial 
signals 


Many bacteria produce small 
molecules for monitoring 
population density and thus 
regulating their collective 
behavior, a process termed 
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quorum sensing. Pathogens 
like Pseudomonas aeruginosa, 
which complicates cystic 
fibrosis disease, produce dif- 
ferent quorum-sensing ligands 
at different stages of infec- 
tion. Moura-Alves et al. used 
experiments in human cells, 
zebrafish, and mice to show that 
a host organism can eavesdrop 
on these bacterial conversa- 
tions. A host sensor responds 
differentially to bacterial 
quorum-sensing molecules to 
activate or repress different 
response pathways. The ability 
to “listen in” on bacterial signal- 
ing provides the host with the 
capacity to fine-tune physiologi- 
cally costly immune responses. 
—CA 

Science, this issue p. 1472 


MITOCHONDRIAL BIOLOGY 


VDACs are MOM’s ruin 
Mitochondrial DNA (mtDNA) 
is normally kept within the 
mitochondria. It can be released 
into the cytosol in response 
to stress and thus encoun- 
ter cytosolic DNA sensors, 
triggering type | interferon 
responses. During apoptosis, 
mtDNA release is mediated by 
macropores in the mitochon- 
drial outer membrane (MOM) 
created by oligomerization of 
the proteins BAX and BAK. Kim 
et al. found that during oxidative 
stress, mtDNA escapes instead 
through macropores formed 
by oligomerization of voltage- 
dependent anion channels 
(VDACs) (see the Perspective 
by Crow). In a mouse model 
of lupus, an inhibitor of VDAC 
oligomerization diminished 
mtDNA release and downstream 
signaling events. This treatment 
reduced lupus-like symptoms 
in the model, suggesting a 
potential therapeutic route for 
conditions mediated by mtDNA 
release. —STS 

Science, this issue p. 1531; 

see also p. 1446 
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CANCER 
Across-kingdom tale 
of drug resistance 


Physicians who treat bacterial 
infections and those who treat 
cancer often face a common 
challenge: the development of 
drug resistance. It is well known 
that when bacteria are exposed 
to antibiotics, they temporarily 
increase their mutation rate, 
thus increasing the chance that 
a descendant antibiotic-resistant 
cell will arise. Russo et al. now 
provide evidence that cancer 
cells exploit a similar mecha- 
nism to ensure their survival 
after drug exposure (see the 
Perspective by Gerlinger). They 
found that human colorectal 
cancer cells treated with certain 
targeted therapies display a 
transient up-regulation of error- 
prone DNA polymerases and a 
reduction in their ability to repair 
DNA damage. Thus, like bacteria, 
cancer cells can adapt to thera- 
peutic pressure by enhancing 
their mutability. —PAK 

Science, this issue p. 1473; 

see also p. 1458 


SOLID-STATE PHYSICS 
A patterned look into a 
mysterious phase 


A thin superconducting film 

can become insulating by, for 
example, exposure to a suf- 
ficiently large magnetic field. 

In between the superconduct- 
ing and insulating regimes, an 
intermediate metallic state has 
been observed whose nature 
remains unresolved. To study 
the superconductor—metal 
insulator transition, C. Yang 

et al. patterned a film of the 
high-temperature supercon- 
ductor yttrium barium copper 
oxide (YBCO) into a network 

of triangular superconducting 
islands connected by bridges 
(see the Perspective by Phillips). 
The reactive ion-etching process 
used for patterning reduced the 
quality of the film in a controlled 
manner. By increasing the 
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etching time, the film's transport 
properties could be tuned from 
superconducting, through metal- 
lic, to insulating. The metallic 
phase exhibited a bosonic char- 
acter. —JS 

Science, this issue p.1505; 

see also p. 1453 


ORGANIC CHEMISTRY 
Acarbonylation path 
to a nylon precursor 


Adipic acid and its esters are 
manufactured on a massive 
scale, primarily to produce 
nylon. However, the standard 
route requires large quantities 
of corrosive nitric acid. J. Yang et 
al. present an efficient alterna- 
tive route whereby a palladium 
catalyst adds carbon monoxide 
to each end of butadiene (see 
the Perspective by Schaub). 
Both reactants are available at 
commodity scale, and the reac- 
tion produces no by-products. 
An optimized bidentate phos- 
phine ligand bearing a pyridine 
substituent for proton shuttling 
proved key to attaining the nec- 
essary selectivity. —JSY 

Science, this issue p. 1514; 

see also p. 1448 


ORGANIC CHEMISTRY 
Macrocycles made easy 


Macrocycles, which are mol- 
ecules with large rings of 12 or 
more atoms, are challenging to 
produce by intramolecular cycli- 
zation because floppy ends tend 
to join up with another molecule 
rather than fold back on them- 
selves. Girvin et al. identified a 
foldamer—a short, structured 
peptide—that can cyclize floppy, 
dialdehyde substrates through 

a templated aldol condensation 
(see the Perspective by Gutiérrez 
Collar and Gulder). Variation of 
the residues within the fol- 
damer suggests that its helical 
structure helps position amine 
functional groups crucial for 
catalysis. The authors prepared 
molecules with a wide range 

of ring sizes and developed a 


sciencemag.org SCIENCE 
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synthesis for robustol, a mac- 
rocycle natural product with a 
22-member ring. —MAF 
Science, this issue p. 1528; 
see also p. 1459 


NEUROIMMUNOLOGY 
Immune surveillance of 


the brain 


The brain is thought to be cut 
off from the peripheral immune 
system by the blood-brain bar- 
rier, which restricts movement of 
substances and cells from blood 
vessels into the brain. However, 
an emerging view is that the 
meninges—three distinct layers 
that surround the brain—orches- 
trate immune surveillance of 
the brain and thereby bypass 
the blood-brain barrier. Ina 
Perspective, Rustenhoven and 
Kipnis discuss how the menin- 
geal layers modulate immune 
cell surveillance and removal of 
waste and how this can go awry 
in disease. In particular, they dis- 
cuss how dysfunctional drainage 
by features of the meninges may 
promote protein aggregates to 
build up during neurodegenera- 
tion. —GKA 

Science, this issue p. 1451 


FIBROSIS 
Metabolic dysregulation 
into fibrosis 


Excessive fibrosis around alveoli, 
tiny air sacs that promote gas 
exchange, prevents the lungs 
from expanding properly. Yin 

et al. found that the glycolytic 
enzyme hexokinase 2 (HK2) 
was abundant in lung fibroblasts 
from patients with idiopathic pul- 
monary fibrosis. The profibrotic 
cytokine transforming growth 
factor—B (TGF-B) induced HK2 
accumulation in mouse and 
human lung fibroblasts and 

thus increased glycolysis in 
these cells. Inhibition of HK2 
with the cancer drug lonidam- 
ine attenuated the profibrotic 
actions of TGF-8 in fibroblasts 
and improved lung function in 


SCIENCE sciencemag.org 


a mouse model of lung fibrosis. 
These results support a model 
of HK2-dependent metabolic 
dysregulation that contributes to 
lung fibrosis and demonstrates 
that HkK2 is a potential therapeu- 
tic target. —AV 

Sci. Signal. 12, eaax4067 (2019). 


QUANTUM GASES 


Chirality by dissipation 
Quantum many-body systems 
can display exotic dynamics 
in the presence of dissipation. 
Dogra et al. studied such dynam- 
ics ina system consisting of an 
atomic Bose-Einstein condensate 
located in an optical cavity and 
exposed to a standing wave of 
laser light. Light scattering off the 
atomic cloud and into the cavity 
resulted in two distinct, spatially 
patterned collective modes for 
the atoms. When the researchers 
then introduced dissipation to 
couple the two modes, the sys- 
tem followed a directed circular 
path through phase space, rotat- 
ing between the modes. —JS 
Science, this issue p. 1496 
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The biochemical basis of microRNA targeting efficacy 


Sean E. McGeary*, Kathy S. Lin*, Charlie Y. Shi, Thy M. Pham, Namita Bisaria, 


Gina M. Kelley, David P. Bartel 


INTRODUCTION: MicroRNAs (miRNAs) are short 
RNAs that guide repression of mRNA targets. 
Each miRNA associates with an Argonaute 
(AGO) protein to form a complex in which the 
miRNA recognizes mRNA targets, primarily 
through pairing to sites that match its ex- 
tended seed region (miRNA nucleotides 1 to 
8) while the AGO protein recruits factors that 
promote destabilization and translation- 
al repression of bound targets. The miRNA 
targetome is vast, involving most mamma- 
lian mRNAs, and miRNA regulatory effects 
are consequential, with severe developmental 
or physiological defects often observed after 
deleting a broadly conserved miRNA (or set 
of paralogous miRNAs). Deeper understand- 
ing of these regulatory roles would be facili- 
tated by a better understanding of miRNA 
targeting efficacy. 


RATIONALE: In principle, targeting efficacy 
should be a function of the affinity between 
AGO-miRNA complexes and their target sites, 
in that greater affinity for a target site would 
cause increased occupancy at that site and 
thus increased repression of the target mRNA. 
However, the set of measured miRNA-target 


12-nt Rel. 


binding affinities has been sparse, and stan- 
dard thermodynamic models of RNA-RNA 
pairing poorly predict affinities that have been 
measured. These limitations have prevented 
construction of an informative biochemical 
model of targeting efficacy, such that the best 
predictive performances have instead relied 
on indirect, correlative approaches. Here, we 
adapted RNA bind-n-seq (RBNS) and a con- 
volutional neural network (CNN) to study 
miRNA-target interactions, thereby obtain- 
ing the quantity and diversity of affinity val- 
ues needed to better understand and predict 
miRNA targeting efficacy. 


RESULTS: Analysis of motifs enriched in RNA 
sequences bound to the AGO2-miR-1 complex 
provided unbiased identification of all miR-1 
binding sites <12 nucleotides (nt) in length, 
and a newly developed computational proce- 
dure simultaneously inferred the relative disso- 
ciation constants (Kg values) of all of these sites. 
Repeating this procedure with AGO2 loaded 
with five other miRNAs (let-7a, miR-7, miR- 
124, miR-155, and Isy-6) revealed pronounced 
miRNA-specific differences in the relative af- 
finities of canonical site types (defined as sites 
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Biochemical modeling of targeting efficacy. RBNS generates relative Kg values for an AGO-miRNA and 
262,144 different 12-nt sequences with at least a weak match to the miRNA (left). Values for sites found 


within an mRNA (colored 12-nt sequences) are used to estimate site occupancy, thereby enabling prediction 
of mRNA repression. Either a shorter match to the seed region (upper right) or suboptimal flanking nucleotides 
that promote occlusive mRNA structure (upper middle) can reduce occupancy. Rel. Kg, relative Kg. 
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with =6-nt contiguous matches to the seed 
region). The analyses also revealed that each 
miRNA has a distinct repertoire of noncanon- 
ical site types and that dinucleotides flanking 
both sides of each site influence affinity by as 
much as 100-fold, primarily because of their 
impact on site accessibility. Most of the non- 
canonical sites paired to the seed region but 
did so with imperfections that reduced affinity 
to levels below those of the top four canonical 
sites. Nonetheless, for miR-124 and miR-155, 
noncanonical sites were identified with affin- 
ities approaching that of the top canonical site. 
These high-affinity noncanonical sites were 
larger and correspondingly rarer in mRNA 
sequences, which showed that canonical seed 
pairing is the most efficient way to achieve 
high-affinity binding. 
The miRNA-specific dif- 
Read the full article ferences in site repertoire 
at http://dx.doi. and relative binding af- 
org/10.1126/ finities corresponded to 
science.aavl/41 differential repression in 
cells, thereby enabling 
construction of a biochemical model of 
miRNA-mediated repression. This biochem- 
ical model predicts the occupancy at each 
site as a function of the Kg measured for the 
12-nt sequence encompassing the site. The 
model outperformed the best correlative 
model, explaining ~60% of the relevant var- 
iation observed after transfecting a miRNA 
into cells. Although partly attributable to in- 
clusion of noncanonical sites, the improved 
performance was primarily due to more accu- 
rate representation of the effects of canonical 
sites. Improved performance was extended 
to miRNAs without RBNS data by building 
a CNN that was trained with both RBNS- 
derived Kg values and mRNA-transfection 
fold-change measurements to predict binding 
affinity between any miRNA and any 12-nt 
sequence. 


CONCLUSION: We replaced correlative models 
of targeting efficacy with a principled, biochem- 
ical model that explains and predicts about 
half of the variability attributable to the direct 
effects of miRNAs on their targets. The success 
of the model shows that site binding affinity is 
the major determinant of miRNA-mediated 
repression. It also shows that although active 
AGO-miRNA complexes are occupied primarily 
by canonical sites, noncanonical sites measur- 
ably contribute to repression in the cell. Repres- 
sion efficacy predicted by this model will be 
available on the TargetScan website to provide 
improved guidance for placing miRNAs into 
gene-regulatory networks. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
{Corresponding author. Email: dbartel@wi.mit.edu 
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The biochemical basis of microRNA targeting efficacy 
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Gina M. Kelley”, David P. Bartel’?34+ 


MicroRNAs (miRNAs) act within Argonaute proteins to guide repression of messenger RNA targets. 
Although various approaches have provided insight into target recognition, the sparsity of miRNA-target 
affinity measurements has limited understanding and prediction of targeting efficacy. Here, we adapted 
RNA bind-n-seq to enable measurement of relative binding affinities between Argonaute-miRNA 
complexes and all sequences <12 nucleotides in length. This approach revealed noncanonical target sites 
specific to each miRNA, miRNA-specific differences in canonical target-site affinities, and a 100-fold 
impact of dinucleotides flanking each site. These data enabled construction of a biochemical model of 
miRNA-mediated repression, which was extended to all miRNA sequences using a convolutional neural 
network. This model substantially improved prediction of cellular repression, thereby providing a 
biochemical basis for quantitatively integrating miRNAs into gene-regulatory networks. 


icroRNAs (miRNAs) are ~22-nucleotide 

(nt) regulatory RNAs that derive from 

hairpin regions of precursor transcripts 

(1). Each miRNA associates with an 
Argonaute (AGO) protein to form a si- 

lencing complex, in which the miRNA pairs to 
sites within target transcripts and the AGO 
protein promotes destabilization and/or trans- 
lational repression of bound transcripts (2). 
miRNAs are grouped into families on the 
basis of the sequence of their extended seed 
(nucleotides 2 to 8 of the miRNA), which is the 
region of the miRNA most important for tar- 
get recognition (3). The 90 most broadly con- 
served miRNA families of mammals each have 
an average of >4.00 preferentially conserved tar- 
gets, such that mRNAs from most human genes 
are conserved targets of at least one miRNA (4). 
Most of these 90 broadly conserved families 
are required for normal development or phys- 
iology, as shown by knockout studies in mice (1). 
Deeper understanding of these numerous 
biological functions would be facilitated by a 
better understanding of miRNA targeting effi- 
cacy, with the ultimate goal of correctly predict- 
ing the effects of each miRNA on the output 
of each expressed gene. In principle, targeting 
efficacy should be a function of the affinity 
between AGO-miRNA complexes and their 
target sites, in that greater affinity to a target 
site would cause increased occupancy at that 
site and thus increased repression of the tar- 
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get mRNA. Until very recently, binding affi- 
nities have been known for only a few target 
sequences of only three miRNAs (5-11). Ina 
recent study, high-throughput imaging and 
cleavage analyses provide extensive binding 
and slicing data for two of these three miRNAs: 
let-7a and miR-21 (72). Although these mea- 
surements provide insight and enable a quan- 
titative model that predicts the efficiency of 
miR-21-directed slicing in cells (72), the spar- 
sity of binding-affinity data still limits insight 
into how targeting might differ between dif- 
ferent miRNAs and prevents construction of 
an informative biochemical model of target- 
ing efficacy relevant to the vastly more prev- 
alent, nonslicing mode of miRNA-mediated 
repression. 

With insufficient affinity measurements, the 
most informative models of targeting efficacy 
rely instead on indirect, correlative approaches. 
These models focus on mRNAs with canonical 
6- to 8-nt sites matching the miRNA seed re- 
gion (Fig. 1A) and train on features known to 
correlate with targeting efficacy (including the 
type of site as well as various features of site 
context, mRNAs, and miRNAs), by using datasets 
that monitor mRNA changes that occur after 
introducing a miRNA (13-16). Although the cor- 
relative model implemented in TargetScan7 
performs as well as the best in vivo cross- 
linking approaches at predicting mRNAs 
most responsive to miRNA perturbation, it 
nonetheless explains only a small fraction of 
the mRNA changes observed upon introducing 
a miRNA [coefficient of determination (7?) = 
0.14] (14). This low value indicates that pre- 
diction of targeting efficacy has room for 
improvement, even when accounting for the 
fact that experimental noise and secondary 
effects of inhibiting direct targets place a 
ceiling on the variability attributable to direct 
targeting. Therefore, we adapted RNA bind- 
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n-seq (RBNS) (77) and a convolutional neural 
network (CNN) to the study of miRNA-target 
interactions, with the goal of obtaining the 
quantity and diversity of affinity measure- 
ments needed to better understand and pre- 
dict miRNA targeting efficacy. 


The site-affinity profile of miR-1 


As previously implemented, RBNS provides 
qualitative relative binding measurements for 
an RNA-binding protein to a virtually exhaus- 
tive list of binding sites (77, 78). A purified 
RNA-binding protein is incubated with a large 
library of RNA molecules that each contain a 
central random-sequence region flanked by 
constant primer-binding regions. After reach- 
ing binding equilibrium, the protein is pulled 
down and any copurifying RNA molecules are 
reverse transcribed, amplified, and sequenced. 
To extend RBNS to AGO-miRNA complexes 
(Fig. 1B), we purified human AGO2 loaded 
with miR-1 (19) (fig. S1A) and set up five bind- 
ing reactions, each with a different concentra- 
tion of AGO2-miR-1 (range of 7.3 to 730 pM, 
logarithmically spaced) and a constant con- 
centration of an RNA library with a 37-nt 
random-sequence region (100 nM). We also 
modified the protein-isolation step of the RBNS 
protocol, replacing protein pull down with 
nitrocellulose filter binding, reasoning that 
the rapid wash step of filter binding would 
improve retention of low-affinity molecules 
that would otherwise be lost during the wash 
steps of a pull down. This modified method 
was highly reproducible, with high correspon- 
dence observed between enrichments for the 
same 9-nt k-mers (where k-mer is any sequence 
of length &) in two independent experiments 
using different preparations of both AGO2- 
miR-1 and the RNA library (fig. SIB; 7? = 0.86). 

When analyzing our AGO-RBNS results, we 
first examined enrichment of the canonical 
miR-1 sites, comparing the frequency of these 
sites in RNA bound in the 7.3 pM AGO2-miR-1 
sample with that of the input library. As 
expected from the site hierarchy observed 
in meta-analyses of site conservation and 
endogenous site efficacy (3), the 8mer site 
(perfect match to miR-1 nucleotides 2 to 8 
followed by an A) was most enriched (38-fold), 
followed by the 7mer-m8 site, then the 7mer-A1 
site, and the 6mer site (Fig. 1, A and C). Little 
if any enrichment was observed for either the 
6mer-A1 site or the 6mer-m8 site at this lowest 
concentration of 7.3 pM AGO2-miR-1 (Fig. 1, A 
and C), consistent with their weak signal in 
previous analyses of conservation and efficacy 
(4, 14, 20). Enrichment of sites was quite uni- 
form across the random-sequence region, which 
indicated minimal influence from either the 
primer-binding sequences or supplementary 
pairing to the 3’ region of the miRNA (fig. S1D). 
Although sites with supplementary pairing can 
have enhanced efficacy and affinity (3, 5, 21), 
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Fig. 1. AGO-RBNS reveals binding affinities of canonical and previously 
uncharacterized miR-1 target sites. (A) Canonical sites of miR-1. These sites 
have contiguous pairing (blue) to the miRNA seed (red), and some include 

an additional match to miRNA nucleotide 8 or an A opposite miRNA nucleotide 1 
(B represents C, G, or U; D represents A, G, or U). (B) AGO-RBNS. Purified 
AGO2-miR-1 is incubated with excess RNA library molecules that each have a 
central block of 37 random-sequence positions (N37). After reaching binding 
equilibrium, the reaction is applied to a nitrocellulose membrane and washed 
under vacuum to separate library molecules bound to AGO2-miR-1 from those that 
are unbound. Molecules retained on the filter are purified, reverse transcribed, 
amplified, and sequenced. These sequences are compared with those generated 
directly from the input RNA library. (C) Enrichment of reads containing canonical 
miR-1 sites in the 7.3 pM AGO2-miR-1 library. Shown is the abundance of reads 
containing the indicated site (key) in the bound library plotted as a function 

of the respective abundance in the input library. Dashed vertical lines depict the 
enrichment in the bound library; dashed diagonal line shows y = x. Reads 
containing multiple sites were assigned to the site with greatest enrichment. 

(D) AGO-RBNS profile of the canonical miR-1 sites. Plotted is the enrichment of 
reads with the indicated canonical site (key) observed at each of the five 
AGO2-miR-1 concentrations of the AGO-RBNS experiment, determined as in (C). 
Points show the observed values, and lines show the enrichment predicted from 
the mathematical model fit simultaneously to all of the data. Also shown for each site 
are Kg values obtained from fitting the model, listing the geometric mean + the 
95% confidence interval determined by resampling the read data, removing data for 
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one AGO-miR-1 concentration and fitting the model to the remaining data, and 
repeating this procedure 200 times (40 times for each concentration omitted). 
(E) AGO-RBNS profile of the canonical and the newly identified noncanonical 
miR-1 sites (key). Sites are listed in the order of their Ky values and named and 
colored based on the most similar canonical site, indicating differences from 

this site with b (bulge), w (G-U wobble), or x (mismatch) followed by the nucleotide 
and its position. For example, the 8mer-bU(4.6) resembles a canonical 8mer 

site but has a bulged U at positions that would normally pair to miRNA nucleotides 
4, 5, or 6. Everything else is the same as in (D). (F) Relative Ky values for the 
canonical and the newly identified noncanonical miR-1 sites determined in 

(E). Sites are classified as either 7- to 8-nt canonical sites (purple), 6-nt canonical 
sites (cyan), noncanonical sites (pink), or a Sequence motif with no clear 
complementarity to miR-1 (gray). The solid vertical line marks the reference 

K, value of 1.0 assigned to reads lacking an annotated site. Error bars indicate 
95% confidence interval on the geometric mean, as in (D). (G) The proportion of 
AGO2-miR-1 bound to each site type. Shown are proportions inferred by the 
mathematical model over a range of AGO2-miR-1 concentrations spanning the 
five experimental samples, plotted in the order of site affinity (top to bottom), using 
the same colors as in (E). On the right is the pairing of each noncanonical site, 
diagrammed as in (A), indicating Watson-Crick pairing (blue), wobble pairing (cyan), 
mismatched pairing (red), bulged nucleotides (compressed rendering), and terminal 
noncomplementarity (gray; B represents C, G, or U; D represents A, G, or U; H 
represents A, C, or U; V represents A, C, or G). The GCUUCCGC motif is omitted 
because it did not match miR-1 and did not mediate repression by miR-1 (fig. S5B). 
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the minimal influence of supplementary pair- 
ing reflected the rarity of such sites in our 
library. 

Analysis of enrichment of the six canonical 
sites across all five AGO2-miR-1 concentrations 
illustrated two hallmarks of this experimental 
platform (77). First, as the concentration in- 
creased from 7.3 to 73 pM, enrichment for each 
of the six site types increased (Fig. 1D), which 
was attributable to an increase in signal over a 
constant low background of library molecules 
isolated even in the absence of AGO2-miR-1. 
Second, as the AGO2-miR-1 concentration in- 
creased beyond 73 pM, 8mer enrichment de- 
creased, and at the highest AGO2-miR-1 
concentration, enrichment of the 7mer-m8 
and 7mer-Al sites decreased (Fig. 1D). These 
waning enrichments indicated the onset of 
saturation for these high-affinity sites (77). 
These two features, driven by AGO-miRNA- 
independent background and partial satura- 
tion of the higher-affinity sites, respectively, 
caused differences in enrichment values for 
different site types to be highly dependent 
on the AGO2-miR-1 concentration; the lower 
AGO2-miR-1 concentrations provided greater 
discrimination between the higher-affinity site 
types, the higher AGO2-miR-1 concentrations 
provided greater discrimination between the 
lower-affinity site types, and no single con- 
centration provided results that quantitative- 
ly reflected differences in relative binding 
affinities. 

To account for background binding and 
ligand saturation, we developed a computa- 
tional strategy that simultaneously incorpo- 
rated information from all concentrations 
of an RBNS experiment to calculate relative 
Kq values. Underlying this strategy was an 
equilibrium-binding model that predicts the 
observed enrichment of each site type across 
the concentration series as a function of the 
Ka values for each miRNA site type (including 
the “no-site” type), as well as the stock concen- 
tration of purified AGO2-miR-1 and a constant 
amount of library recovered as background in 
all samples. Using this model, we performed 
maximum likelihood estimation (MLE) to fit 
the relative Kg values, which explained the 
observed data well (Fig. 1D). Moreover, these 
relative Kg values were robustly estimated, as 
indicated by comparing values obtained using 
results from only four of the five AGO2-miR-1 
concentrations (77 > 0.994 for each of the 10 
pairwise comparisons; fig. S1, F and G). These 
quantitative binding affinities followed the 
same hierarchy as observed for site enrich- 
ment, but the differences in affinities were 
of greater magnitude (Fig. 1D and fig. S1C). 

Up to this point, our analysis was informed 
by the wealth of previous computational and 
experimental data showing the importance 
of a perfect 6- to 8-nt match to the seed region 
(3). However, the ability to calculate the rel- 
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ative Kg of any k-mer of length <12 nt (the 12-nt 
limit imposed by the sparsity of reads with 
longer k-mers) provided the opportunity for 
a de novo search for sites, without bias from 
any previous knowledge. In this search, we 
(i) calculated the enrichment of all 10-nt #-mers 
in the bound RNA in the 730 pM AGO2- 
miR-1 sample, which was the sample with 
the most sensitivity for detecting low-affinity 
sites; (ii) determined the extent of comple- 
mentarity between the 10 most enriched &-mers 
and the miR-1 sequence; (iii) assigned a site 
most consistent with the observed k-mers; 
and (iv) removed all reads containing this 
newly identified site from both the bound and 
input libraries. These four steps were iterated 
until no 10-nt #-mer remained that was en- 
riched =10-fold, thereby generating 14 sites for 
AGO2-miR-1. We then applied our MLE pro- 
cedure to calculate relative Kg values for this 
expanded list of sites (Fig. 1, E and F). 

This unbiased approach demonstrated that 
the 8mer, 7mer-m8, 7mer-A1, and 6mer sites 
to miR-1 were the highest-affinity site types 
of lengths <10 nt. It also identified eight pre- 
viously uncharacterized sites with binding 
affinities resembling those of the 6mer-m8 
and the 6mer-Al (Fig. IF). Comparison of these 
sites to the sequence of miR-1 revealed that 
miR-1 can tolerate either a wobble G at posi- 
tion 6 or a bulged U somewhere between posi- 
tions 4 and 6 and achieve affinity at least 7- to 
11-fold above that of the remaining no-site 
reads and that it can tolerate either a mis- 
matched C at position 5 or a mismatched U 
at position 6 and achieve affinity four- to 
fivefold above that of the no-site reads. The 
GCUUCCGC motif also passed our cutoffs, 
which was more difficult to explain, because it 
had contiguous complementarity to positions 
2 to 5 of miR-1 flanked by noncomplementary 
GC dinucleotides on both sides. Nonetheless, 
among the 1,398,100 possible motifs <10 nt, 
this was the only one that satisfied our criteria 
yet was difficult to attribute to miRNA pairing. 

Our analytical approach and its underlying 
biochemical model also allowed us to infer 
the proportion of AGO2-miR-1 bound to each 
site (Fig. 1G). The 8mer site occupied 3.8 to 
17% of the silencing complex over the concen- 
tration course, whereas the 7mer-m8, by virtue 
of its greater abundance, occupied a somewhat 
greater fraction of the complex. In aggregate, 
the marginal sites—including the 6mer-A1, 
6mer-m8, and seven noncanonical sites— 
occupied 6.1 to 9.8% of the AGO2-miR-1 com- 
plex. Moreover, because of their very high 
abundance, library molecules with no identi- 
fied site occupied 32 to 53% of the complex 
(Fig. 1G). These results support the inference 
that the summed contributions of background 
binding and low-affinity sites to intracellular 
AGO occupancy are of the same order of mag- 
nitude as those of canonical sites, suggesting 
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that an individual AGO-miRNA complex spends 
about half its time associated with a vast rep- 
ertoire of background and low-affinity sites 
(22, 23). This phenomenon would help explain 
why sequences without recognizable sites of- 
ten cross-link to AGO in cells. 

Our results confirmed that AGO2-miR-1 
binds the 8mer, 7mer-m8, 7mer-Al, and 6mer 
sites most effectively and revealed the relative 
binding affinities and occupancies of these 
sites. In addition, our results uncovered weak 
yet specific affinity to the 6mer-Al and 6mer- 
m8 sites plus seven noncanonical sites, all 
with affinities outside the dynamic range of 
recent high-throughput imaging experiments 
(72). Although alternative binding sites for 
miRNAs have been proposed on the basis of 
high-throughput in vivo cross-linking studies 
(24-28), our approach provided quantification 
of the relative strength of these sites without 
the confounding effects of differential cross- 
linking efficiencies, potentially enabling their 
incorporation into a quantitative framework 
of miRNA targeting. 


Distinct canonical and noncanonical binding of 
different miRNAs 


We extended our analysis to five additional 
miRNAs, including let-7a, miR-7, miR-124, and 
miR-155 of mammals, chosen for their sequence 
conservation as well as the availability of data 
examining their regulatory activities, intra- 
cellular binding sites, or in vitro binding affi- 
nities (/, 5, 6, 24, 25), and lsy-6 of nematodes, 
which is thought to bind unusually weakly to 
its canonical sites (29) (Fig. 2 and fig. S2, B and 
C). In the case of let-7a, previous biochemical 
analyses have determined the Kg values of 
some canonical sites (5, 6, 12), and our values 
agreed well, which further validated our high- 
throughput approach (fig. S1H). 

The site-affinity profile of let-7a resembled 
that of miR-1, except the 6mer-m8 and 6mer-A1 
sites for let-7a had greater binding affinity 
than essentially all of the noncanonical sites 
(Fig. 2A). As with miR-1, the noncanonical sites 
each paired to the seed region but did so im- 
perfectly, typically with a single wobble, single 
mismatch, or single-nucleotide bulge, but these 
imperfections differed from those observed for 
miR-1 (Figs. 1F and 2A). 

The site-affinity profiles of miR-124, miR-155, 
Isy-6, and miR-7 resembled those of miR-1 and 
let-7a. All but one included the six canonical 
sites (with miR-7 missing the 6mer-m8 site), 
and all contained noncanonical sites with ex- 
tensive yet imperfect pairing to the miRNA seeds, 
the imperfections tending to occur at differ- 
ent positions and with different mismatched- 
or bulged-nucleotide identities for different 
miRNAs (Fig. 2, B and C, and fig. S2, B and C). 
In contrast to the noncanonical sites of miR-1 
and let-7a, more of the noncanonical sites of the 
other four miRNAs had affinities interspersed 
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Fig. 2. Distinct canonical and noncanonical binding of different miRNAs. 

(A to C) Relative Ky values and proportional occupancy of established and newly 
identified sites of let-7a (A), miR-155 (B), and miR-124 (C). The two miR-124 
sites that were present as a 5'-AA-extended form in addition to an unextended 
form are shown on the same line (C). Relative Ky values are plotted as in 

Fig. 1F but in some cases with additional categories, either for 3'-only sites 
(green) [(B) and (C)] or for 6-nt canonical sites enhanced by either additional 
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wobble-pairing or additional Watson-Crick complementarity separated by a 
bulged nucleotide (blue) [(B) and (C)]. The proportion of AGO2-miRNA bound to 
each site type is estimated and shown as in Fig. 1G. These analyses also detected 
a GCACUUUA motif for let-7a and AACGAGGA motif for miR-155, which were 
assigned relative Kg values of 7.1 + 0.8 x 10° and 6 + 1 x 10%, respectively. 
These motifs are excluded because each did not match its respective miRNA and 
did not mediate repression by its respective miRNA (fig. S5B). 


4 of 13 


RESEARCH | RESEARCH ARTICLE 


with those of the top four canonical sites. More- 
over, the profiles for miR-155, miR-124, and 
Isy-6 also included sites with extended (9- to 
11-nt) complementarity to the miRNA 3’ re- 
gion. These sites had estimated Kg values that 
were derived from reads with little more than 
chance complementarity to the miRNA seed, 
and they had uniform enrichment across the 
length of the random-sequence region (fig. SIE), 
which indicated that these sites represented 
an alternative binding mode dominated by 
extensive pairing to the 3’ region without in- 
volvement of the seed region (Fig. 2, B and C, 
and fig. S2B). We named them “3’-only sites.” 

In some respects, the 3’-only sites resem- 
bled noncanonical sites known as centered 
sites, which are reported to function in mam- 
malian cells (30). Like 3’-only sites, centered 
sites have extensive perfect pairing to the 
miRNA, but for centered sites, this pairing 
begins at miRNA positions 3 or 4 and extends 
11 to 12 nt through the center of the miRNA 
(30). Our unbiased search for sites did not 
identify centered sites for any of the six miRNAs. 
We therefore directly queried the region of 
each miRNA to which extensive noncanon- 
ical pairing was favored, determining the af- 
finity of sequences with 11-nt segments of 
perfect complementarity to the miRNA se- 
quence, scanning from miRNA position 3 to 
the 3’ end of the miRNA (Fig. 3A). For miR- 
155, miR-124, and Isy-6, sequences with 11-nt 
sites that paired to the miRNA 3’ region 
bound with greater affinity than did those 
with a canonical 6mer site, whereas for let-7a, 
miR-1, and mik-7, none of the 11-nt sites con- 
ferred stronger binding than did the 6mer. 
Moreover, for all six miRNAs, the 11-nt sites 
that satisfied the criteria for annotation as 
centered sites conferred binding <2-fold stron- 
ger than that of the 6mer-m8 site, which also 
starts at position 3 but extends only 6 nt. 
These results called into question the function 
of centered sites, although we cannot rule out 
the possibility that centered sites are recog- 
nized by some miRNAs and not others. Indeed, 
the newly identified 3’-only sites functioned for 
only miR-155, miR-124, and lIsy-6, and even 
among these, the optimal region of pairing dif- 
fered, occurring at positions 13 to 23, 9 to 19, 
and 8 to 18, respectively (Fig. 3A). 

When evaluating other types of noncanon- 
ical sites proposed to confer widespread repres- 
sion in mammalian cells (20, 24), we found 
that all but two bound with affinities difficult 
to distinguish from background. One of these 
two was the 5-nt site matching miRNA posi- 
tions 2 to 6 (Smer-m2.6) (20), which was bound 
by miR-1, let-7a, and miR-7 but not by the other 
three miRNAs (fig. S3). The other was the pivot 
site (24), which was bound by miR-124 [eg., 
8mer-bG(6.7); Fig. 2C] and Isy-6 [e.g., 8mer-bA 
(6.7); fig. S2B] but not by the other four miRNAs 
(fig. S4). Thus, these two previously identified 
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noncanonical site types resembled the newly 
identified noncanonical sites with extensive 
yet imperfect pairing to the seed region, in 
that they function for only a limited number 
of miRNAs. 

In addition to the differences in noncanon- 
ical site types observed for each miRNA, we 
also observed pronounced miRNA-specific dif- 
ferences in the relative affinities of the canon- 
ical site types. For example, for miR-155, the 
affinity of the 7mer-Al nearly matched that of 
the 7mer-m8, whereas for miR-124, the affinity 
of the 7mer-Al was >9-fold lower than that 
of the 7mer-m8. These results implied that 
the relative contributions of the A at target 
position 1 and the match at target position 8 
can substantially differ for different miRNAs. 
Although prior studies show that AGO pro- 
teins remodel the thermodynamic properties 
of their loaded RNA guides (5, 6), our results 
show that the sequence of the guide strongly 
influences the nature of this remodeling, lead- 
ing to differences in relative affinities across 
canonical site types and a distinct repertoire of 
noncanonical site types for each miRNA. 


The energetics of canonical binding 


With the relative Kg values for the canonical 
binding sites of six miRNAs in hand, we ex- 
amined the energetic relationship between 
the A at target position 1 (A1) and the match 
at miRNA position 8 (m8), within a frame- 
work analogous to a double-mutant cycle 
(Fig. 3B, left). The apparent binding-energy 
contributions of the m8 and Al (AAG;s and 
AAG ai, respectively) were largely indepen- 
dent, as inferred from the relative Ka values 
of the four site types. That is, for each miRNA, 
the AAG ngs inferred in the presence of the Al 
(using the ratio of the 8mer and 7mer-Al Kg 
values) resembled that inferred in the absence 
of the Al (using the ratio of the 7mer-m8 and 
6mer Kg values), and vice versa (Fig. 3B). 
The relative Ka values for canonical sites of 
six miRNAs provided the opportunity to ex- 
amine the relationship between the predicted 
free energy of site pairing and measured site 
affinities. We focused on the 6mer and 7mer-m8 
sites because they lack the Al, which does not 
pair to the miRNA (Fig. 1A) (8, 37). Consist- 
ent with the importance of base pairing for 
site recognition and the known relationship 
between predicted seed-pairing stability and 
repression efficacy (29), affinity increased with 
increased predicted pairing stability, although 
this increase was statistically significant for 
only the 7mer-m8 site type (Fig. 3C; p = 0.09 
and 0.005 for the 6mer and 7mer-m8 sites, 
respectively). However, for both site types, the 
slope of the relationship was significantly less 
than expected from Ky = e “@/"", where AG is 
the change in free energy, R is the universal 
gas constant, and Tis temperature (p = 0.008 
and 8 x 10°, respectively). When considered 
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together with the previous analysis of amiRNA 
with enhanced seed-pairing stability, these re- 
sults indicated that in remodeling the thermo- 
dynamic properties of the loaded miRNAs, AGO 
not only enhances the affinity of seed-matched 
interactions but also dampens the intrinsic dif- 
ferences in seed-pairing stabilities that would 
otherwise impose much greater inequities 
between the targeting efficacies of different 
miRNAs (6). Thus, although Isy-6, which has un- 
usually poor predicted seed-pairing stability (29), 
did indeed have the weakest site-binding affin- 
ity of the six miRNAs, the difference between its 
binding affinity and that of the other miRNAs 
was less than might have been expected. 


Correspondence with repression observed 
in the cell 


To evaluate the relevance of our in vitro bind- 
ing results to intracellular miRNA-mediated 
repression, we examined the relationship be- 
tween the relative K,; measurements and the 
repression of endogenous mRNAs after miRNA 
transfection into HeLa cells. When examining 
intracellular repression attributable to 3‘UTR 
(3’ untranslated region) sites of the trans- 
fected miRNA, we observed a pronounced 
relationship between AGO-RBNS-determined 
Ka values and mRNA fold changes (Fig. 3, D to 
I; 7? = 0.80 to 0.97). For instance, the different 
relative affinities of the 7mer-Al and 7mer-m8 
sites, most extremely observed for sites of 
miR-155 and miR-124, were nearly perfectly 
mirrored by the relative efficacy of these sites 
in mediating repression in the cell (Fig. 3, 
F and G). A similar correspondence between 
relative Kg values and repression was observed 
for the noncanonical sites that had both suf- 
ficient affinity and sufficient representation in 
the HeLa transcriptome to be evaluated using 
this analysis (Fig. 3, D to I). These included the 
pivot sites for miR-124 and Isy-6 and the bulge- 
G7-containing sites for miR-7 (Fig. 3, G to I). 
Analysis of mRNA changes observed after 
miRNA transfection was not suitable for mea- 
suring efficacy of the highest-affinity noncanon- 
ical sites because these sites lacked sufficient 
representation in endogenous 3’UTRs. There- 
fore, we implemented a massively parallel re- 
porter assay designed to examine the efficacy of 
every site type identified by AGO-RBNS, each in 
184 different 3’UTR sequence contexts (fig. S5A). 
This assay showed that 3’-only sites and other 
high-affinity-but-rare noncanonical site types 
do mediate repression in cells and that their 
efficacies tend to track with their affinities (fig. 
S5B). In sum, we found a strong correspon- 
dence between intracellular repression and 
in vitro binding affinity, regardless of miRNA 
identity and regardless of whether the target 
site is canonical or noncanonical or within an 
endogenous or a reporter MRNA. This result 
supported a model in which repression is a 
function of miRNA occupancy, as dictated by 


5 of 13 


RESEARCH | RESEARCH ARTICLE 


g as A 3. 
Fig. 3. Additional &mer eo @ ee Cio Senne 
analyses of binding omer 08 Iet-7a 
ies 6mer-m8 O@ miR-155 
affinities and the 141mer-m3.13 1079 O@ miR-124 
correspondence 11mer-m4.14 oe Isy-6 
is - 11mer-m5.15 O®@ miR-7 
between binding affin- {1mer-m6.16 ee 1073 
ity and repression V1mer-m7.17 
7 zi 11mer-m8.18 
efficacy. (A) Diverse Pp haere @ miR-1 10°4 
functionality and position 11mer-m10.20 : oe 
iR- 
dependence of 11-nt ee eel @ miR-124 
. 7 7 Lees Z i 
3'-only sites. Relative 11mer-m13.23 ed pe =] 
= 
Kg values for a 10 10° 1071 j 10? 10° 10% < J 
potential 11-nt 3'-only Relative Kg 10° 
site are plotted for the B amer P= 0.98 
anys ‘ ACAUUCCA 2.55 50-fold greater 
indicated miRNAs (key). MEPL ELL binding affinity 10°4 
agvaengays 


) 


Aug 2 
For reference, values for 1 Nu 


the 8mer, 6mer, and 4 
_10-fold greater 10°4 


6mer-m8 sites are PaviteterN acacues , binding affinity 
: i - AUGUAAGGU-5’ » AUGUAAGGY-5' 
also plotted The solid ALGYAZGRU-5 AUOUBAgGUs 10°! 
vertical line marks the x PA “a6 _ Bold greater oo 4 
reference Ky value of 1.0, AAGas emeh AAGina Binding affinity : Ky = @rsclAT 


kcal/mol 
a 
1 


a 
AAG ( 


as in Fig. 1F. The solid ublasae z 10° 7 7 ae oe 
and dashed lines indi- “37654324 & ae AF QS ‘ pedasdaaicaiine) = = 
cate geometric mean D o4, E o4- F oa, 

: iR-1 let-7: iR-155 
and 95% confidence ae 7 ae op! Beat i! Gen 
interval, respectively, 

oe 0 Hl o 0 
determined as in Fig. 1D. & 
(B) The independent 8-02) B02] B02] 
contributions of the Al 3-044 3-044 ] 30-44 
oO Oo oO 
and m8 features. Onthe  #-o64 § -0.67 5 0-5) © smer (60) 
left, a double-mutant 3 _o.g| © 8mer (87) Hi 3 oe 3 _o.g| © Zmer-ms (83) 
* es oo | @ 7mer-m8 (181) aos | @ 8mer (47) oo | @ 7mer-A1 (110) 
cycle depicts the affinity 41 © 2mer-At (195) 11 © 7mer-m8 (135) @ Gmer (191) 
' ~'1@6 468° —') @ 7mer-A1 (103) —"] @ 8mer-xU5 (83) 
differences observed sols bmerbul46) (29) iplesmer 222). welesmern (7) 
—1<7 @ 6 -A1 (551 —1e1 06 -A1 (654) —1-<71 @ 6mer-m8 (710 
among the four top ; <a Paee e| : ee - S 6merAt sa) 
canonical sites for miR-1, oe aoe 102 102 10 ae 10" 102 102 10-4 mar 100 jon 408 10-4 
as imparted by the Relative Ky Relative Ky Relative Ky 
. . G 0.45 H 0.44 I 0.45 
independent contribu- miR-124 Isy-6 miR-7 
tions of the Al and m8 0.2) 7-097 02) 7 -0.98 02) ?=0.80 
features and their 0 a 0 il 0 + 
potential interaction. On B-024 B02) B02) © 8mer (63) 
the right, the apparent = al 30.44 20.4 Ai eat 
eo is 2 i=; 2 “x 
binding contributions 5 6] © 8mer (67) 5 _o¢4 © amer (124) 5 _g¢4 © 7mer-m8bG7 (57) ca) 
oT 1 e@7 -m8 (290 Oo “| @ 7mer-m8 (158 Oo" | @ 7mer-A1 (273) 
of the Al (AAGay, blue zg oa! en ores 1a) z al es tas) 3 oal® eka em (53) 
and cyan) or ms ue] @ 7mer-A1 (198) uw 9" @ 8mer-w8 (56) uw S2"| © 7mer-m8xC7bG7 (22) 
: @ 7mer-m8bU(7.8) (49) iH @ 7mer-A1 (179) @ 7mer-m8xG7bG7 (77) 
(AAG mg, red and pink) 17 © 7mer-m8bG(6.7) (99) 17 @ 7mer-m8bA(6.7) (29) 17 @ 7mer-m8xA7bG7 (39) 
@ 6mer-m8 (761) @ 6mer (310) © 6mer (893) 
features are plotted, -1.2) @ 6mer (1039) 1.27 © 6mer-At (1015) -1.21 © 7mer-A1bG7 (79) 
determined from the rr © 6mer-A1 (293) a4 @ 6mer-m8 (354) as 6mer-bG7 (250) © 6mer-A1 (727) 
ratio of relative Ka values ET ae Oe ee eee | 
of either the 7mer-Al 
and the 6mer (blue), the 8mer and the 7mer-m8 (cyan), the 7mer-m8 and the __ predicted stabilities given by Ky = e 4°/FT (D to 1) The relationship between 
6mer (red), or the 8mer and the 7mer-Al (pink) for the indicated AGO2- repression efficacy and relative Kg values for the indicated sites of miR-1 (D), 
miRNA complexes. The r? reports on the degree of AAG similarity for both the —_let-7a (E), miR-155 (F), miR-124 (G), Isy-6 (H), and miR-7 (I). The number of 
m8 and Al features using either of the relevant site-type pairs across all sites of each type in the 3'UTRs is indicated (parentheses). To include 
six complexes. (C) The relationship between the observed relative Ky values information from mRNAs with multiple sites, multiple linear regression was 
and predicted pairing stability of the 6mer (filled circles) and 7mer-m8 (open _ applied to determine the log fold-change attributable to each site type 
circles) sites of the indicated AGO-miRNA complex (key), under the (error bars, 95% confidence interval). The relative Kg values are those of 
assumption that the Ky value for library molecules without a site was 10 nM for Figs. 1 and 2 and fig. S2 (error bars, 95% confidence interval). Lines show the 
all AGO-miRNA complexes. The two black lines are the best fit of the best fit to the data, determined by least-squares regression, weighting residuals 
relationship observed for each of the site types (gray regions, 95% using the 95% confidence intervals of the log fold-change estimates. The r° 
confidence interval). The gray line shows the expected relationship with the values were calculated using similarly weighted Pearson correlations. 


McGeary et al., Science 366, eaav1741 (2019) 20 December 2019 6 of 13 


RESEARCH | RESEARCH ARTICLE 


site affinity, and thus miRNA- and site-specific 
differences in binding affinities explain sub- 
stantial differences in repression. 


The strong influence of flanking 
dinucleotide sequences 


AU-rich nucleotide composition immediately 
flanking miRNA sites has long been associated 
with increased site conservation and efficacy 
in cells (73, 31, 32), but the mechanistic basis of 
this phenomenon has not been investigated, 
presumably because of the sparsity of affinity 
measurements. The AGO-RBNS data provided 
the means to overcome this limitation. We first 
separated the miR-1 8mer site into 256 dif- 
ferent 12-nt sites, on the basis of the dinu- 
cleotide sequences immediately flanking each 
side of the 8mer, and determined relative Ka 


Enrichment 


values for each (Fig. 4A). This analysis revealed 
a ~100-fold range in values, depending on the 
identities of the flanking dinucleotides, with 
binding affinity strongly tracking the AU con- 
tent of the flanking dinucleotides. Extending 
this analysis across all miR-1 site types (Fig. 
4B), as well as to sites to the other five miRNAs 
(fig. S6, A to E), yielded similar results. The 
effect of the flanking-dinucleotide context was 
of such magnitude that it often exceeded the 
affinity differences observed between miRNA- 
site types. Indeed, for each miRNA, at least 
one 6-nt canonical site in its most favorable 
context had greater affinity than that of the 
8mer site in its least favorable context (Fig. 4B 
and fig. S6, A to E). 

To identify general features of the flanking- 
dinucleotide effect across miRNA sequences 


Observed relative Ky 


irewere 


= 
_ 


0! 1 0 
Predicted relative Ky 


Fig. 4. The influence of flanking dinucleotide sequence context. (A) AGO- 
RBNS profile of miR-1 sites, showing results for the 8mer separated into 
256 different 12-nt sites on the basis of the identities of the two dinucleotides 
immediately flanking the 8mer. For each 12-nt site, the points and line are 
colored on the basis of the AU content of the flanking dinucleotides (key). For 
esults of Fig. 1E are replotted in gray. Everything else is the same 
(B) Relative Kg values for each miR-1 site identified in Fig. 1F 
basis of the identities of 
the flanking dinucleotides. The points are colored as in (A). Error bars indicate 
confidence interval across all Ky values. Everything else is the 
in Fig. 1F. (C) Consistency of flanking-dinucleotide effect across 
miRNA and site type. At the left is a comparison of observed relative Ky values 
and results of a mathematical model that used multiple linear regression to 
predict the influence of flanking dinucleotides. Plotted are results for all 
flanking dinucleotide contexts of all six canonical site types, for all six 


context, 
as in Fig. 1E. 
separated into 144 to 256 sites as in (A) on the 


median 95% 
same as 
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and site types, we trained a multiple linear 
regression model on the complete set of 
flanking-dinucleotide Kg values corresponding 
to all six canonical site types of each miRNA, 
fitting the effects at each of the four positions 
within the two flanking dinucleotides. The 
output of the model agreed well with the 
observed Kg values (Fig. 4C, left; r? = 0.63), 
which indicated that the effects of the flank- 
ing dinucleotides were largely consistent be- 
tween miRNAs and between site types of each 
miRNA. The output of the model also corre- 
sponded with the efficacy of intracellular re- 
pression, which indicated that these effects on 
Ka values were consequential in cells (fig. S6F). 
A and U nucleotides each enhanced affinity, 
whereas G nucleotides reduced affinity and 
C nucleotides were intermediate or neutral 
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Mean accessibility score 


miRNAs, normalized to the average affinity of each canonical site. Predictions 
of the model are those observed in a sixfold cross-validation, training on the 
results for five miRNAs and reporting the predictions for the held-out miRNA. 
The points for five outliers are not shown. The r? quantifies the agreement 
between the predicted and actual values, considering all points. On the right, 
the model coefficients (multiplied by -RT, where T = 310.15 K) corresponding 
to each of the four nucleotides of the 5' (5p) and 3' (3p) dinucleotides in 
the 5'-to-3' direction are plotted (error bars, 95% confidence interval). 

(D) Relationship between the mean structural-accessibility score and the 
relative Ky for the 256 12-nt sites containing the miR-1 8mer flanked by each 
of the dinucleotide combinations. Points are colored as in (A). Linear 
regression (dashed line) and calculation of r° were performed using log- 
transformed values. For an 
flanking-dinucleotide Ky and structural accessibility over a range of window 
lengths and positions relative to the 8mer site, see fig. S6G. 


analysis of the relationship between 8mer 
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(Fig. 4C, right). Moreover, the identity of the 
5' flanking dinucleotide, which must come 
into close proximity with the central RNA- 
binding channel of AGO (7), contributed more 
to binding affinity than did the 3’ flanking 
sequence (Fig. 4C, right). 

One explanation for this hierarchy of flank- 
ing nucleotide contributions, with A = U > C > 
G, is that it inversely reflected the propensity 
of these nucleotides to stabilize RNA second- 
ary structure that could occlude binding of the 
silencing complex. To investigate this poten- 
tial role for structural accessibility in influ- 
encing binding, we compared the predicted 
structural accessibility of 8mer sites in the 
input and bound libraries of the AGO2-miR-1 
experiment, using a score for predicted struc- 
tural accessibility previously optimized on 
data examining miRNA-mediated repression 
(14, 33). This score is based on the predicted 
probability that the 14-nt segment at target 
positions 1 to 14 is unpaired. We found that 
predicted accessibilities of sites in the bound 
libraries were substantially greater than those 
for sites in the input library and that the dif- 
ference was greatest for the samples with 
the lower AGO2-miR-1 concentrations (fig. 
S6G), as expected if the accessibility score 
was predictive of site accessibility and if the 
most accessible sites were the most prefer- 
entially bound. 

To build on these results, we examined the 
relationship between predicted structural ac- 
cessibility and binding affinity for each of the 
256 flanking dinucleotide possibilities. For 
each input read with a miR-1 8mer site, the 
accessibility score of that site was calculated. 
The sites were then differentiated on the basis 
of their flanking dinucleotides into 256 12-nt 
sites, and the geometric mean of the structural- 
accessibility scores of each of these extended 
sites was compared with the AGO-RBNS- 
derived relative Kg value (Fig. 4D and fig. S6H). 
A notable correlation was observed (r” = 0.82, 
p < 10-”), with all 16 sites containing a 5’- 
flanking GG dinucleotide having both unusually 
poor affinities and unusually low accessibility 
scores. Moreover, sampling reads from the 
input library to match the predicted accessi- 
bility of sites in the bound library recapitu- 
lated the flanking dinucleotide preferences 
observed in the bound library (fig. S6I, 7” = 
0.79). Taken together, our results demon- 
strate that local sequence context has a large 
influence on miRNA-target binding affinity 
and indicate that this influence results pre- 
dominantly from the differential propensities 
of flanking sequences to favor structures that 
occlude site accessibility. 


A biochemical model predictive of 
miRNA-mediated repression 


Inspired by the finding that measured affini- 
ties strongly corresponded to the repression 
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observed in cells (Fig. 3, D to I), we set out to 
build a biochemical framework that predicts 
the degree to which a miRNA represses each 
mRNA. Biochemical principles have been used 
to model miR-21-directed mRNA slicing (72). 
However, previous efforts that used biochem- 
ical principles to model aspects of the predom- 
inant mode of miRNA-mediated repression, 
including competition between endogenous 
target sites (23, 34, 35) and the influence of 
miRNAs on reporter gene-expression noise 
(36), were severely limited by the sparsity of 
the data. Our ability to measure the relative 
binding affinity of a miRNA to any 12-nt se- 
quence enabled modeling of the quantitative 
effects of the six miRNAs on each cellular mRNA. 

We first reanalyzed all six AGO-RBNS experi- 
ments to calculate, for each miRNA, the rela- 
tive Kg values for all 262,144 12-nt k-mers that 
contained at least four contiguous nucleotides 
of the canonical 8mer site (Fig. 5A). These 
potential binding sites included the canonical 
sites and most of the noncanonical sites that 
we had identified, each within a diversity of 
flanking sequence contexts (Figs. 1F and 2). 
For each mRNA m and transfected miRNA g, 
the steady-state occupancy Np, ¢ (i.e., average 
number of AGO-miRNA complexes loaded 
with miRNA g bound to mRNA m) was pre- 
dicted as a function of the Kg values of the 
potential binding sites contained within the 
mRNA open reading frame (ORF) and 3’UTR, 
as well as the concentration of the unbound 
AGO-miRNA, complex @,, which was fit as a 
single value for each transfected miRNA (Fig. 
5B, equation 1). This occupancy value enabled 
prediction of a biochemically informed expec- 
tation of repression, assuming that the added 
effect of the miRNA on the basal decay rate 
scaled with the basal rate and N,,,. (Fig. 5B, 
equation 2). To isolate the effects of a transfected 
miRNA over background, we further offset 
our prediction of repression by a background- 
binding term (Fig. 5B, Nip ¢-backeround)- 

The calculation of predicted repression re- 
quired an estimate of how much a single bound 
AGO affected the mRNA decay rate (Fig. 5B, b), 
which was fit as a global value. Additionally, 
to account for the observation that sites in 
ORFs are less effective than those in 3'UTRs 
(3), our model included a penalty term for sites 
in ORFs, which was also fit as a global value 
(Fig. 5B). Because no appreciable repression 
was observed from sites in 5'UTRs, our model 
did not consider these sites. 

Our biochemical model was fit against re- 
pression observed in HeLa cells transfected 
with one of five miRNAs with RBNS-derived 
measurements (let-7a was excluded because 
of its high endogenous expression in HeLa 
cells). A strong correspondence was observed 
when comparing mRNA changes measured 
upon miRNA transfection with those predicted 
by the model (fig. S7A, 7° = 0.30 to 0.37). 
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The overall performance of our biochem- 
ical model (Fig. 5C, 7” = 0.34) exceeded those 
of the 30 target-prediction algorithms (7? < 
0.14) that were also tested on changes in mRNA 
levels observed in response to miRNA trans- 
fection (14). We reasoned that in addition to 
our biochemical framework and the use of 
experimentally measured affinity values, other 
aspects of our analysis might have contributed 
to this improvement. For example, the miRNAs 
chosen for RBNS have high efficacy in trans- 
fection experiments, and our RNA-sequencing 
(RNA-seq) datasets generally had stronger sig- 
nal over background compared to microarray 
datasets used to train and test previous target- 
prediction algorithms. Indeed, when evaluated 
on the same five datasets, the performance 
of the latest TargetScan model (TargetScan7) 
improved from an 7” of 0.14 to an 7” of 0.25 
(fig. S7B). To explore the possibility that 
TargetScan7 might also benefit from training 
on this type of improved data, we generated 
transfection datasets for 11 additional miRNAs 
and retrained TargetScan7 on the collection 
of 16 miRNA-transfection datasets (again omit- 
ting the let-7a dataset), putting aside one 
dataset each time in a 16-fold cross-validation. 
Training and testing TargetScan on improved 
datasets further increased the 7” to 0.28 for 
the five miRNAs with AGO-RBNS data (Fig. 
5D). Nonetheless, the biochemical model still 
outperformed the retrained TargetScan by 
>20%, which showed that the use of measured 
affinity values in a biochemical framework sub- 
stantially increased prediction performance. 

Many features known to correlate with tar- 
geting efficacy were captured by our biochem- 
ical model. Indeed, the contribution of certain 
features, such as site type (3), predicted seed- 
pairing stability (29), and nucleotide identities 
at specific miRNA or site positions (J4), are 
expected to be represented more accurately 
in the miRNA-specific Kg values of the 12-nt 
k-mers than when generalized across miRNAs. 
However, these Kg values did not fully cap- 
ture other factors that influence the affinity 
between miRNAs and their target sites in cells, 
including the structural accessibility of sites 
within their larger mRNA contexts and the 
contribution of supplementary pairing to the 
miRNA 3’ region, which influences about 5% 
of sites (3). Without sufficient biochemical data 
quantifying these effects, we approximated 
their influence using scoring metrics known 
to correlate with miRNA targeting efficacy 
(13, 14) and allowed them to modify the Kg 
values additively in log space (i.e., linearly in 
free-energy space). Incorporating each of these 
metrics slightly improved the performance of 
the biochemical model, as did incorporating 
a score for the evolutionary conservation of 
the site (4), which helped account for addi- 
tional unknown or imperfectly captured fac- 
tors that influence targeting efficacy (fig. S7C). 
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Fig. 5. AGO-RBNS K, values enable a predictive model of miRNA-mediated 
repression in cells. (A) The 262,144 12-nt k-mers with at least four contiguous 
matches to the extended seed region of miR-1, for which relative Kg values were 
determined. Relative Ky values were similarly determined for the analogous 
k-mers of the other five miRNAs. (B) Biochemical model for estimating 
miRNA-mediated repression of an mRNA using the relative Ky values of the 12-nt 
k-mers in the mRNA. (C) Performance of the biochemical model as evaluated 
using the combined results of five miRNAs. Plotted is the relationship between 
mRNA changes observed after transfecting a miRNA and those predicted by the 
model. Each point represents the mRNA from one gene after transfection of a 
miRNA and is colored according to the number of canonical sites in the mRNA 
3'UTR (key). For easier visual comparison between mRNAs, y-axis points for the 


(©) Shuffled noncanonical sites 


Isy-6 miR-7 let-7c transfection 


I Only canonical sites 


{)) Only shuffled noncanonical sites 


Biochemical model with context features 


same mRNA are adjusted by the extrapolated expression level of the mRNA with 
no transfected miRNA. The Pearson's r* between measured and predicted values 
is for unadjusted values and is reported in the upper right. (D). Performance 
of the retrained TargetScan7 model. Everything else is the same as in (C). 

(E) Performance of the biochemical+ model. Everything else is the same as 

in (C). (F) Model performances and the contribution of cognate noncanonical 
sites to performance of the biochemical+ model. Results for each model (key) 
are plotted for individual miRNAs and for all five miRNAs combined (error bars, 
standard deviation). (G) Performances of models tested on mRNA changes 
observed after transfecting let-7c into HCT116 cells engineered to have reduced 
endogenous miRNA expression (37). This analysis used the average ag fit for 
the five miRNAs in (F). Everything else is the same as in (F). 


Simultaneously incorporating all three metrics 
to generate what we call the “biochemical+ 
model” improved the 7” by 9% to 0.37 (Fig. 5E). 

To examine how well our models gener- 
alized to another cell type and to a miRNA 
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family not used for fitting (let-7), we eval- 
uated them on repression data collected after 
transfecting let-7c into HCT116 (human colon 
cancer) cells that had been engineered to not 
express endogenous miRNAs (37). Although 
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these data had a considerably lower signal- 
to-noise ratio, which lowered all 7 values, 
our biochemical models substantially out- 
performed TargetScan7 (Fig. 5G). This improve- 
ment extended to predicting repression after 
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transfecting miR-124 and miR-7 into human 
embryonic kidney (HEK) 293 cells (38) (fig. 
S8A). Additional analyses showed that the 
biochemical+ model performed at least as well 
as in vivo cross-linking immunoprecipitation 
sequencing (CLIP-seq) approaches in identify- 
ing the mRNAs most repressed upon miRNA 
transfection or most derepressed upon miRNA 
knockout (25, 38, 39) (fig. S8, B to D). Further- 
more, for individual CLIP clusters enriched 
in wild type relative to miR-155 knockout, we 
observed a correlation between the occupancy 
predicted by our Kg values and the observed 
enrichment of the cluster [Spearman’s rank- 
order correlation (5) = 0.46, p < 107; fig. SSE], 
supporting the conclusion that Kg values mea- 
sured in vitro reflect intracellular AGO binding. 

When provided with Kg values for only the 
12-nt k-mers that contained one of the six ca- 
nonical sites, the biochemical+ model captured 
somewhat less variance (Fig. 5F, green bars; 
r” = 0.35), and conversely when provided with 
Kg values for only the 12-nt &-mers lacking a 
canonical site, the model still retained some 
predictive power (Fig. 5F, purple bars; 7” = 0.06, 
p< 10-7, likelihood-ratio test). As a control, we 
repeated the analysis after replacing the non- 
canonical sites (and their Kg values) of each 
miRNA with those of another miRNA, perform- 
ing this shuffling and reanalysis for all 309 
possible shuffle permutations. When using 
each of these shuffled controls, performance 
decreased, both when considering all sites 
(Fig. 5F, light blue bars) and when considering 
only the noncanonical sites (Fig. 5F, pink bars), 
as expected if the modest improvement con- 
ferred by including noncanonical sites were 
due, at least in part, to miRNA pairing to those 
sites. This advantage of cognate over shuffled 
noncanonical sites was largely maintained 
when evaluating the results for individual 
miRNAs (Fig. 5F). Together, our results showed 
that noncanonical sites can mediate intracellu- 
lar repression but that their impact is dwarfed 
by that of canonical sites because high-affinity 
noncanonical sites are not highly abundant 
within transcript sequences. Thus, the improved 
performance over TargetScan achieved by the 
biochemical model was primarily from more 
accurate modeling of the effects of canoni- 
cal sites. 


CNN for predicting site K, values 
from sequence 


Our findings that binding preferences differ 
substantially between miRNAs and that these 
differences are not well predicted by existing 
models of RNA duplex stability in solution 
posed a major challenge for applying our 
biochemical framework to other miRNAs. 
Because performing AGO-RBNS for each of 
the known miRNAs would be impractical, we 
attempted to predict miRNA-target affinity 
from sequence using the six sets of relative 


McGeary et al., Science 366, eaav1741 (2019) 


Ka values and 16 miRNA-transfection datasets 
already in hand. Bolstered by recent successful 
applications of deep learning to predict com- 
plex aspects of nucleic acid biology from se- 
quence (40-43), we chose a CNN for this task. 

The overall model had two components. 
The first was a CNN that predicted relative 
Kg values for the binding of miRNAs to 12-nt 
k-mers (fig. S9A), and the second was the 
previously described biochemical model that 
links intracellular repression with relative Kg 
values (Fig. 6A). The training process simul- 
taneously tuned both the neural network 
weights and the parameters of the biochem- 
ical model to fit both the relative Ka values 
and the mRNA repression data, with the goal 
of building a CNN that accurately predicts the 
relative Kg values for all 12-nt k-mers of a 
miRNA of any sequence. 

For the CNN, we chose to include only the 
first 10 nucleotides of the miRNA sequence, 
which includes the position 1 nucleotide, the 
seed region, and the two downstream nucleo- 
tides that could pair to a 12-nt k-mer. Because 
the k-mers were not long enough to include 
sites with 3’ supplementary pairing, we ex- 
cluded the 3’ region of the miRNA. Pairs of 
10-nt truncated miRNA sequences and 12-nt 
k-mers were each parameterized as a 10-by- 
12-by-16 matrix, with the third dimension 
representing the 16 possible pairs of nucleo- 
tides that could be present at each pair of 
positions in the miRNA and target. The first 
layer of the CNN was designed to learn im- 
portant single-nucleotide interactions, the sec- 
ond layer was designed to learn dinucleotide 
interactions, and the third layer was designed 
to learn position-specific information. 

The training data for the CNN consisted of 
more than 1.5 million relative Kj values from 
six AGO-RBNS experiments and 68,112 mRNA 
expression estimates derived from 4257 tran- 
scripts in 16 miRNA transfection experiments. 
Five miRNAs had data in both sets. Because 
some repression was attributable to the pas- 
senger strands of the transfected duplexes 
(fig. S9B), the model considered both strands 
of each transfected duplex, which allowed 
the neural network to learn from another 
16 AGO-loaded guide sequences. 

To test how well the CNN-predicted relative 
Ka values enabled our approach to be gener- 
alized to other miRNAs and another cell type, 
we generated 12 miRNA-transfection datasets 
in HEK293FT cells, choosing miRNAs that 
were not appreciably expressed in HEK293 
cells (44) and that had not been used in any 
training (fig. $10). For each miRNA duplex in 
the test set, the CNN was used to predict 
relative Kg values for 12-nt k-mers to both the 
miRNA and passenger strands. As observed 
with the experimentally derived relative Kg 
values (Fig. 3, D to I), substantial correspon- 
dence was observed between CNN-predicted 
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relative Ka values for the six canonical site 
types of the transfected miRNAs and the mean 
repression that these site types conferred in 
cells (Fig. 6B and fig. S11). This correspon- 
dence (7? = 0.76) substantially exceeded that 
observed for predictions of RNA-duplex sta- 
bility in solution (45) and predictions derived 
from cross-linking results (27) (Fig. 6C; 7? = 
0.21 and 0.56, respectively). Aside from ac- 
curately predicting the relative efficacy of 
sites to the same miRNA, the CNN was better 
able to stratify sites of the same type to dif- 
ferent miRNAs (e.g., Fig. 6B, purple dots; 7? = 
0.52, p = 0.02). Analysis of other site types 
suggested that the CNN had some ability to 
identify effective noncanonical sites for new 
miRNAs (fig. S11). 

When the CNN-predicted Kg values and 
HeLa-derived global parameters were used as 
input for the biochemical and biochemical+ 
models to predict repression of individual 
mRNAs in HEK293FT cells, the results mir- 
rored those observed when using relative Kg 
values derived from AGO-RBNS. Median (7? = 
0.21) and overall performance (7? = 0.18) for 
the test set both exceeded those of TargetScan 
(7° = 0.12 and 0.13, respectively); overall per- 
formance improved (7* = 0.20) when using 
the biochemical+ model, implying a 50% im- 
provement over TargetScan, and performance 
dropped slightly when either shuffling or 
omitting noncanonical sites (Fig. 6D and 
fig. S12A; the main exception being the results 
for miR-190a, for which the performance of 
the biochemical+ model resembled that of 
TargetScan when only considering the canon- 
ical sites but substantially dropped when also 
considering noncanonical sites). The overall 
improvement over TargetScan was main- 
tained when focusing on mRNAs that were 
expressed in HEK293FT cells but not HeLa 
cells (Fig. 6D). The CNN-predicted relative 
Ka values also enabled the biochemical+ 
model to outperform TargetScan and cross- 
linking approaches in predicting the effects 
of deleting or adding a miRNA in other cellu- 
lar contexts (46-48) (fig. S12, B to D). 

Although our models were improved over 
previous models, the highest 7” value achieved 
by our models for any of our datasets was 0.37 
(Fig. 5F and fig. S12A), implying that they 
explained only a minority of the variability in 
mRNA fold changes occurring upon introduc- 
ing a miRNA. However, even perfect predic- 
tion of the direct effects of miRNAs was not 
expected to explain all of the variability; some 
variability was due to the secondary effects of 
repressing the primary targets, and some was 
due to experimental noise. To estimate the 
maximal 7° that could be achieved by predict- 
ing the primary effects of miRNA targeting, we 
attempted to quantify and subtract the frac- 
tion of the fold-change variability attributable 
to the other two causes. For each dataset, the 


10 of 13 


RESEARCH | 


RESEARCH ARTICLE 


= a P2021 
AGO-RBNS AGO-RBNS ey 0.00 + > 0.00 + = 
= K, values — 'e 2S ote 
experiments loss o Sem, = °8 2. Ne 
D 
© -0.25 4 ig D -0.25 5 .* 
= oe g ited “ee 
Predicted 7 -0.504 rene, © -0.50} e e° oe 
K, values 2 ee a aa 
i i -0.75/ a J = 
miRNA-target-site § A 5 -0.75 ‘ 
pairs = _1001 e & . 
. 0 “1 -2 -3 -1.00+ 
Biochemical 10° 107 10" 10 0 -5 -10 -15 
model CNN-predicted relative Ky RNAduplex AG (kcal/mol) 
miRNA-target-site 
pairs from mRNAs e 8mer e 6mer < . = 0.56 
e 7mer-m8 e 6mer-m8 g 0.004 & 
i C2 
Peerases vanes se ee 2 ~0.255 a 2! = 
oO Ce 
= 
> 4 e 
Transfection Fold-change Repression zg 0.50 oer. 
i 2 C 
experiments values loss cs -0.75) s 
By e 
= -1.00+ - 
107" 10' 10° 
MIRZA score 
D 0.200 E 4.200 F -20). 
‘ ° oe? 5 
0.175 0.175 .° e 24 
0.150 .° e 
0.125 0.150}, 00° ° as ‘ ° 
“0.100 0.125 Py 2 -2.3 
0.075 cy 
“0.100 © wy -2.4 2 
0.050 so e 
0.025 0.075 : # -25 oe 
ic 
0.000 ct oe 
All mRNAs mRNAs unique to 0.050 ~ -2.6 e 2 
HEK293FT _ , 
_% 0.025 : TargetScan7, refit -2.71 r,=-0.69 . 
i TargetScan7, original @ & | Il Biochemical+ Biochemical+ p=0.013 
oe t t T t T es 
I TargetScan7, refit £ Ss ©) Shuffled noncan. sites 9.000 1071 10° 10! 102 2850 275 3.00 3.25 3.50 3.75 
) Biochemical model 7 g Bf Only canonical sites Deviation from optimal a, Estimated target-site abundance (log,,) 
2 8 If Only noncanonical sites Relative K, value of average 8mer site 
[=) 
os P 
i = | {© Only shuffled noncan. sites _ J 
a 1071 10° 


Fig. 6. A CNN for predicting binding affinity from sequence. (A) Schematic 
of overall model architecture for training on RBNS data and transfection data 
simultaneously. “Loss” refers to squared loss. (B) The relationship between 
repression efficacy and CNN-predicted relative Ky values for the canonical sites 
for the 12 test miRNAs. Everything else is the same as in Fig. 3, D to |. (€) The 
relationship between repression efficacy and RNAduplex-predicted free-energy 
values (45) (top) or MIRZA scores (27) (bottom) for the canonical sites of the 
12 test miRNAs. Everything else is the same as in (B). (D) Performance of 

the biochemical and biochemical+ models when provided the CNN-predicted 
relative Ky values and tested on the 12 datasets examining the effects of 


fraction attributable to experimental noise was 
estimated by examining the reproducibility 
between replicates in our transfection exper- 
iments, and the fraction attributable to sec- 
ondary effects was inferred by assuming that 
primary miRNA effects only repress mRNAs, 
whereas secondary effects affect mRNAs in 
either direction (with effects distributed log 
normally). After accounting for these other 
sources of variability, the biochemical+ model 
provided with experimentally determined af- 
finity values explained ~60% of the variability 
attributable to direct targeting (fig. SIZE, me- 
dian of five datasets), and when provided with 
CNN-predicted values, it explained ~50% of 
the variability attributable to direct targeting 


(fig. S12F, median of 12 datasets). 
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Insights into miRNA targeting 

The observation that canonical sites are not 
necessarily those with the highest affinity 
raises the question of how canonical sites are 
distinguished from noncanonical ones and 
whether making such a distinction is useful. 
Our results show that two criteria readily dis- 
tinguish canonical sites from noncanonical 
ones. First, with only one exception, all six ca- 
nonical site types were identified for each of the 
six miRNAs (the exception being the 6mer-m8 
site for miR-7), whereas the noncanonical site 
types were typically identified for only one 
miRNA and never for more than three. Sec- 
ond, the four highest-affinity canonical sites 
occupied most of the specifically bound AGO2, 
even for miR-124, which had the largest and 
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transfecting miRNAs into HEK293FT cells. On the left are results obtained when 
considering all mRNAs, and on the right are results obtained when considering 
mRNAs expressed in HEK293FT cells but not in HeLa cells. Everything else is the 
same as in Fig. 5F, except shuffling results were for 250 random permutations 
rather than all possible permutations. (E) Performance of the biochemical+ 
model on the HEK293FT test set while allowing the ag values to deviate from the 
optimal fitted values. (F) Relationship between fitted a, and estimated target-site 
abundance (29) for the guide strands of the 12 duplexes transfected into HEK293FT 
cells. Points are colored by the average relative Ky value of the 8mer site to 

each miRNA. The Spearman r, and p value for the relationship are shown. 


highest-affinity repertoire of noncanonical sites 
(Figs. 1F and 2 and fig. $2, B and C). This 
greater role for canonical sites was presumably 
because perfect pairing to the seed region is the 
most efficient way to bind the silencing complex; 
to achieve equivalent affinity, the noncanon- 
ical sites must be longer and therefore less 
abundant. The ubiquitous function and more 
efficient binding of canonical sites explains 
why these site types have the greatest signal 
in meta-analyses of site conservation, thereby 
explaining why they were the first site types 
to be identified (37) and justifying the con- 
tinued distinction between canonical and non- 
canonical site types. 

The potential role of pairing to miRNA nu- 
cleotides 9 and 10 has been controversial. 
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Although some target-prediction algorithms 
(such as TargetScan) do not reward pairing 
to these nucleotides, most algorithms assume 
that such pairing enhances site affinity. Like- 
wise, although one biochemical study reports 
that pairing to position 9 reduces site affin- 
ity (6), another reports that it increases af- 
finity (12). We found that extending pairing 
to nucleotide 9 or 10 neither enhanced nor 
diminished affinity in the context of seed- 
matched sites (Fig. 4), whereas extending 
pairing to nucleotide 9 or 10 enhanced affin- 
ity in the context of 3’-only sites (Fig. 2, C and 
D). These results support the idea that exten- 
sive pairing to the miRNA 3’ region unlocks 
productive pairing to nucleotides 9 to 12, 
which is otherwise inaccessible (7). 

The biochemical parameters fit by our model 
provided additional insights into miRNA tar- 
geting. In the framework of our model, the 
fitted value of 1.8 observed for the parameter 
b suggested that a typical mRNA bound to an 
average of one silencing complex will experi- 
ence a near tripling of its decay rate, which 
would lead to a ~60% reduction in its abun- 
dance. In the concentration regimes of our 
transfection experiments, this occupancy can 
be achieved with two to three median 7mer-m8 
sites. In addition, our fitted value for the ORF- 
site penalty suggested that the translation ma- 
chinery reduces site affinity by 5.5-fold. 

Another parameter was dg, that is, the intra- 
cellular concentration of AGO loaded with 
the transfected miRNA and not bound to a 
target site. Whereas values of the other param- 
eters could be fit globally in HeLa cells and 
then used for testing, a, was fit separately for 
each miRNA and passenger strand of each 
transfection experiment. Nonetheless, when a,. 
values were allowed to deviate from the fitted 
values, the biochemical+ model still outper- 
formed TargetScan in predicting test-set re- 
pression over a 100-fold range of values (Fig. 6E), 
which indicated that even with rough estimates 
of miRNA abundances, our modeling frame- 
work had an advantage over other predictive 
methods in new contexts. Information that 
might be used to more accurately estimate a, 
values should come with the determination 
of these values for more miRNAs in more cel- 
lular contexts, together with the observation 
that, as expected (29, 49), fitted a, values are 
higher for miRNAs with lower predicted tar- 
get abundance and lower general affinity for 
their targets (Fig. 6F). 

Our work replaced the correlative models of 
targeting efficacy with a principled biochem- 
ical model that explains and predicts about 
half of the variability attributable to the direct 
effects of miRNAs on their targets, raising the 
question of how the understanding and pre- 
diction of miRNA-mediated repression might 
be further improved. Acquiring site-affinity 
profiles for additional miRNAs with diverse 
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sequences will improve the CNN-predicted 
miRNA-mRNA affinity landscape and further 
flesh out the two major sources of targeting 
variability revealed by our study, that is, the 
widespread differences in site preferences ob- 
served for different miRNAs and the substan- 
tial influence of local (12-nt) site context. We 
suspect additional improvement will come 
with increased ability to predict the other 
major cause of targeting variability, which is 
the variability imparted by mRNA features 
more distant from the site. This variability is 
captured only partially by the three features 
added to the biochemical model to generate 
the biochemical+ model. Perhaps the most 
promising strategy for accounting for these 
more distal features will be an unbiased 
machine-learning approach that uses entire 
mRNA sequences to predict repression, lever- 
aging substantially expanded repression data- 
sets as well as site-affinity values. In this way, 
the complete regulatory landscape, as speci- 
fied by AGO within this essential biological 
pathway, might ultimately be computationally 
reconstructed. 


Methods summary 


AGO2-miRNA complexes were generated by 
adding synthetic miRNA duplexes to lysate 
from cells that overexpressed recombinant 
AGO2, and then these complexes were puri- 
fied on the basis of affinity to the miRNA seed. 
RNA libraries were generated by in vitro tran- 
scription of synthetic DNA templates. For 
AGO-RBNS, purified AGO2-miRNA complex 
was incubated with a large excess of library 
molecules, and after reaching binding equi- 
librium, library molecules bound to AGO2- 
miRNA complex were isolated and prepared 
for high-throughput sequencing. Examina- 
tion of k-mers enriched within the bound 
library sequences identified miRNA target 
sites, and relative Kg values for each of these 
sites were simultaneously determined by maxi- 
mum likelihood estimation, fitting to AGO- 
RBNS results obtained over a 100-fold range 
in AGO2-miRNA concentration. 
Intracellular miRNA-mediated repression 
was measured by performing RNA-seq on 
HeLa cells that had been transfected with a 
synthetic miRNA duplex. For sites that were 
sufficiently abundant in endogenous 3’UTRs, 
efficacy was measured on the basis of their 
influence on levels of endogenous mRNAs 
of HeLa cells. Site efficacy was also evaluated 
using massively parallel reporter assays, which 
provided information for the rare sites as well 
as the more abundant ones. The biochemical 
and biochemical+ models of miRNA-mediated 
repression were constructed and fit using the 
measured Kg values, and the repression of 
endogenous mRNAs was observed after trans- 
fecting miRNAs into HeLa cells. The CNN was 
built using TensorFlow, trained using the mea- 
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sured K, values and the repression observed in 
the HeLa transfection experiments, and tested 
on the repression of endogenous mRNAs ob- 
served after transfecting miRNAs into HEK293T 
cells. Results were also tested on external 
datasets examining either intracellular binding 
of miRNAs by CLIP-seq or repression of endog- 
enous mRNAs after miRNAs had been trans- 
fected, knocked down, or knocked out. The 
details of each of these methods are described 
in the supplementary materials. 
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INTRODUCTION: Blood is the predominant source 
for molecular analyses in humans, both in cli- 
nical and research settings, and is the target 
for many therapeutic strategies, emphasizing 
the need for comprehensive molecular maps of 
the cells constituting human blood. The Human 
Protein Atlas program (www.proteinatlas.org) 
is an open-access database that aims to map 
all human proteins by integrating various omics 
technologies, including antibody-based imaging. 
Previously, the Human Protein Atlas included 
gene expression information from peripheral 


blood mononuclear cells but not the many 
subpopulations of blood cells within this cell 
type. To increase the resolution, we performed 
an in-depth characterization of the constituent 
cells in blood to provide a detailed view of the 
gene expression in individual human blood cells 
and relate these to the other tissues in the body. 


RATIONALE: A quantitative transcriptomics-based 
expression analysis was performed in 18 cano- 
nical immune cell populations (Fig. 1) isolated 
by flow cytometric sorting. The blood cell ex- 
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Fig. 1. Outline of the analysis of human single blood cell types. (A) A schematic view of the hematopoietic 
differentiation. This study analyzes the cell types shown in the bottom row. NK, natural killer. (B) Network plot 
showing the number of cell type- (red) and group-enriched (yellow) genes in the 18 cell types. The network is 
limited to nodes with a minimum of seven genes. DC, dendritic cell; T-reg, regulatory T cell; gdT cell, gamma delta 


T cell; MAIT, mucosal associated invariant. 
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pression profiles are presented in combination 
with expression profiles of tissues, including 
transcriptomics data from external sources to 
expand the number of tissue types as well as 
brain regions included in the database. A 
genome-wide classification of the protein- 
coding genes has been performed in terms of 
expression specificity and distribution, both in 
blood cells and tissues. 


RESULTS: We present an atlas of the expression 
of all protein-coding genes in human blood cells, 
integrated with a classification of the specific- 
ity and distribution of all protein-coding genes 

in all major tissues and 


sate ti my 
Read the full article “ 8enome-wide analysis 
at http://dx.doi. of blood cell RNA expres- 
org/10.1126/ sion profiles allowed the 
science.aax9198 identification of genes with 
ne etn a wen dlgvated expression in vars 


ious immune cells, confirming well-known pro- 
tein markers, but also identified novel targets 
for in-depth analysis. There are 1448 protein- 
coding genes that have enriched expression in 
asingle immune cell type. It will be interesting 
to study the corresponding proteins further to 
explore the biological functions linked to the 
respective cell phenotypes. A network plot of all 
cell type-enriched and group-enriched genes 
(Fig. 1B) reveals that many of the cell type- 
enriched genes are in neutrophils, eosinophils, 
and plasmacytoid dendritic cells, while many of 
the elevated genes in T and B cells are group- 
enriched across subpopulations of these lym- 
phocytes. To illustrate the usefulness of this 
resource, we show the cellular distribution 
of genes known to cause primary immuno- 
deficiencies in humans and find that many of 
these genes are expressed in cells not currently 
implicated in these diseases, illustrating how 
this global atlas can help us better understand 
the function of specific genes across cells and 
tissues in humans. 


CONCLUSION: In this study, we have performed 
a genome-wide transcriptomic analysis of protein- 
coding genes in sorted blood immune cell pop- 
ulations to characterize the expression levels of 
each individual gene across all cell types. All 
data are presented in an interactive, open- 
access Blood Atlas as part of the Human Pro- 
tein Atlas and are integrated with expression 
profiles across all major tissues to provide spatial 
classification of all protein-coding genes. This 
allows for a genome-wide exploration of the ex- 
pression profiles across human immune cell 
populations and all major human tissues and 
organs. 
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Blood is the predominant source for molecular analyses in humans, both in clinical and research settings. It is 
the target for many therapeutic strategies, emphasizing the need for comprehensive molecular maps of 

the cells constituting human blood. In this study, we performed a genome-wide transcriptomic analysis of 
protein-coding genes in sorted blood immune cell populations to characterize the expression levels of each 
individual gene across the blood cell types. All data are presented in an interactive, open-access Blood Atlas 
as part of the Human Protein Atlas and are integrated with expression profiles across all major tissues 

to provide spatial classification of all protein-coding genes. This allows for a genome-wide exploration of the 
expression profiles across human immune cell populations and all major human tissues and organs. 


esolving the molecular details of pro- 
teome variation in the different cells, 
tissues, and organs of the human body 
may considerably increase our knowl- 
edge of human biology and disease. Sev- 
eral efforts to map the molecular components 
of the human body in a comprehensive man- 
ner have been initiated, including efforts to 
generate experimental data such as the Human 
Cell Atlas (7), the Human Biomolecular Atlas 
Program (HuBMAP) (2), the Biohub (3), the 
Genotype-Tissue Expression (GTEx) project 
(4), the Functional Annotation of the Mam- 
malian Genome (FANTOM) project (5), and 


the Allen Brain Atlas (6), involving many alter- 
native technologies, including single-cell ge- 
nomics (7), in situ analysis (8), transcriptomics 
(9), proteomics (0), and antibody-based profiling 
(11). In addition, several knowledge resources 
have been created to annotate, assemble, and 
integrate data from such sources, such as 
UniProt (72), ELIXIR (73), ArrayExpress (14), 
Peptide Atlas (75), and ImmPort (/6). The com- 
bined efforts of these resources have the po- 
tential to allow a systematic knowledge base of 
the molecular components of human life that 
will aid a systems biology understanding of 
human biology and diseases. 
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Fig. 1. Outline of the analysis of human single blood cell types. (A) A schematic view of the hematopoietic 
differentiation with the cell types analyzed in this study highlighted. HSC, hematopoietic stemcell; CMP, common 
myeloid progenitor; CLP, common lymphoid progenitor; RBC, red blood cell; mDC, myeloid dendritic cell; pDC, 
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A complement to these efforts is the Human 
Protein Atlas program (17), which is exploring 
the human proteome using gene-centric and 
genome-wide antibody-based profiling on tissue 
microarrays. This allows for spatial pathology- 
based annotation of protein expression that is 
performed in combination with deep sequenc- 
ing transcriptomics profiling of the same 
tissue types. The aim is to map all human pro- 
teins in cells, tissues, and organs using inte- 
gration of various omics technologies, including 
antibody-based imaging, mass spectrometry- 
based proteomics, and transcriptomics. The 
earlier version of the Human Protein Atlas 
consists of three separate parts, each focusing 
on a particular aspect of the genome-wide 
analysis of human proteins: the Tissue Atlas 
(17), showing the distribution of proteins across 
all major tissues and organs in the human 
body; the Cell Atlas (18), showing the sub- 
cellular localization of proteins in single cells; 
and the Pathology Atlas (19), showing the im- 
pact of different protein levels in tumor tissue 
on the survival of cancer patients. However, 
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plasmacytoid dendritic cell. (B) A schematic view of the experimental procedure to analyze the transcript expression 
levels in human single cell types. The 18 cell types listed include seven subsets of T cells, two variants of B cells, 
three different monocytic cell types, and the three known forms of granulocytes. 
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there is a lack of data regarding protein ex- 
pression levels in human blood cells. Given 
that blood is the most commonly used mate- 
rial for molecular analyses in clinical labs and 
in research, characterizing the constituents of 
blood and updating the Human Protein Atlas 
with a more fine-grained view of the immune 
cells in blood will be of importance. 

In this study, we performed a quantitative 
expression analysis of 18 canonical immune 
cell populations, as well as total peripheral 
blood mononuclear cells (PBMCs) from human 
blood separated by flow cytometric sorting. The 
data are integrated with recent transcriptomics 
efforts involving flow sorting of blood cells, 
including the analysis in 15 blood cell types by 
Schmiedel et al. (20) and 29 blood cell types as 
well as total PBMCs by Monaco et al. (21). We 
presented the expression profiles in specific 
cell populations and combined the new single- 
cell blood data with the data from the Tissue 
Atlas (17) by incorporating transcriptomics data 
from the GTEx (4) and the FANTOM5 (5) proj- 
ects. Moreover, we expanded the set of normal 
tissue samples by adding tissues such as retina 
and tongue, as well as extensive data covering 
the different regions of the brain. A genome- 
wide classification of the protein-coding genes 
with regard to tissue and cell distribution as 
well as specificity has been performed using 
between-sample normalized data (22, 23). The 
results are presented in an interactive data- 
base (www.proteinatlas.org) that can serve as 
a reference for researchers interested in spa- 
tial expression profiles of human blood cells in 
relation to the body-wide profiles in all major 
tissues and organs. 


Transcriptome analysis of isolated human 
immune cell populations 


We used flow cytometric sorting to allow whole- 
genome transcriptome analysis of the major 
blood cell types from human blood (Fig. 1A). 
Whole blood was collected from six healthy 
individuals, and 18 immune cell types were 
separated by flow cytometric sorting, as out- 
lined in Fig. 1B. The cell types recovered in- 
cluded naive and memory B cells, CD4 and 
CD8 T cell populations, natural killer (NK) cells, 
three monocyte subsets, neutrophils, eosino- 
phils, and basophils, as well as plasmacytoid 
and myeloid dendritic cells. These can be clas- 
sified into six different blood cell lineages con- 
sisting of granulocytes, monocytes, T cells, B 
cells, dendritic cells, and NK cells. The sorted 
cells were immediately processed using RNA 
extraction and cDNA generation followed by 
deep mRNA sequencing. The RNA expression 
levels were determined for all protein-coding 
genes (n = 19,670) across the 18 immune cell 
populations and visualized in a newly created 
Blood Atlas, launched here as an extended 
edition of the open-access Human Protein 
Atlas (www.proteinatlas.org/blood). 


Uhlen et al., Science 366, eaax9198 (2019) 


In the Blood Atlas, the expression levels for 
each of the 19,670 genes are displayed for the 
18 cell types and PBMC as exemplified in Fig. 2A. 
The first example is the G-coupled C-C motif 
chemokine receptor 3 (CCR3), involved in aller- 
gic reactions, showing distinct expression in 
basophil and eosinophils, with much lower levels 
in neutrophils. Next, the secretin propeptide 
(SCT), previously described (24) as being pro- 
duced in the gastrointestinal tract (duodenum 
and colon), is here found to also be expressed 
in the human plasmacytoid dendritic cells. The 
killer cell lectin like receptor F1 (KLRF1), 
known to stimulate cytotoxicity and cytokine 
release in NK cells (25), is an example of an NK 
cell enriched gene, but the data also show 
expression in gamma delta T (gdT) cells and 
mucosal-associated T invariant (MAIT) cells. 
The purity of our sorting is verified by known 
marker expression patterns, such as the canonical 
cell surface receptor CD19, exclusively expressed 
in B cells, and the cytotoxic T lymphocyte- 
associated protein 4 (CTLA4), expressed on reg- 
ulatory T cells (T;cgs). The complement Clq A 
chain (C1QA) of the complement system is 
instead enriched in monocytes, and the pro- 
filing shows high expression in intermediate 
and nonclassical monocytes but no expression 
in classical monocytes. In addition to the sorted 
single cell type populations, the mixed PBMCs 
were collected from the individuals, as described 
before (26), and the transcriptome determined. 


Global expression profiles for the blood cell types 


The relationships between all blood cell samples 
on the basis of their global expression profiles 
were analyzed using different algorithms, in- 
cluding principal components analysis (PCA) 
(27) and uniform manifold approximation and 
projection (UMAP) (28), and the UMAP re- 
sults for all samples for all cell types are shown 
in Fig. 2B. The samples from the different cell 
types showed similar global expression profiles 
with the multitude of different B cell and T cell 
types clustering together. A heatmap based on 
pairwise Spearman correlation of the expres- 
sion profiles of the 18 cell types (Fig. 2C) showed 
that cells of similar origin have similar overall 
expression profiles, with the three granulocyte 
cell types having the most distinct expression 
profiles. All lymphocytes form a separate cluster, 
including all seven T cells clustering together 
with the NK cells, and naive and mature B cells 
clustering together. The monocytes are most 
closely related to the myeloid dendritic cells 
and the plasmacytoid dendritic cells. To analyze 
the similarities between the cell types of dif- 
ferent origins in more detail, we constructed 
a transcriptomics-derived hematopoietic tree 
(Fig. 2D) to further illustrate the relation in 
global expression profiles between the differ- 
ent single blood cell types. 

The transcript expression profiles from the 
recent studies by Schmiedel et al. (20) and 
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Monaco et al. (21), having partially overlap- 
ping data for 13 and 27 blood cell types, re- 
spectively, are also included in the Blood Atlas. 
UMAP results for all cell types from the three 
different data sources are shown in Fig. 2E, 
confirming the distinct expression profiles be- 
tween various types of blood cells. A summary 
of the genome-wide expression levels from all 
three datasets is visualized for all protein- 
coding genes in the Blood Atlas resource on- 
line (Fig. 2F). More in-depth analyses are 
needed to establish whether the differences 
seen are due to differential activation states 
based on sample handling, differences in sam- 
ple handling and cell sorting, or whether they 
reflect biological differences among cohorts, 
representing individuals from Europe (this 
study), the United States (20), and Asia (21). 


Genome-wide transcriptomics profiles across 
all major organs and tissues 


With the new data covering the blood cell ex- 
pression profiles as well as an expanded set of 
normal tissue types, the body-wide tissue pro- 
filing performed earlier (29) was revised. Be- 
cause the brain regions were only superficially 
covered in the earlier analysis, we also decided 
to include more brain regions using publicly 
available data from the GTEx (4) and FANTOM 
(5) consortia to allow for more in-depth cover- 
age of the different regions of the human 
brain. Altogether, 1710 samples from selected 
human brain regions were added to the clas- 
sification covering 23 human subregions and 
summarized into 12 main structures of the 
brain (Fig. 3A). The detailed analysis of the 
protein expression in these brain structures 
will be described elsewhere, but here the ex- 
pression profiles were used in the body-wide 
tissue classification of all genes. In addition, 
the five tissues dominated by immune cells 
(thymus, appendix, spleen, lymph node, and 
tonsil) were summarized into “lymphoid tis- 
sues,” and the four highly related tissues from 
the gut (duodenum, small intestine, colon, and 
rectum) were summarized into “intestine,” as 
outlined in Fig. 3A. Some additional tissues, 
including lactating breast, vagina, retina, duc- 
tus deferens, and tongue, were also added to 
the comparative analysis. The expression data 
for the 18 blood cell types as well as PBMC 
described above were summarized into “blood.” 
A body-wide classification based on the genome- 
wide expression profiles of the protein-coding 
genes was performed with 171 different cells, 
tissues, and organs, which are summarized into 
37 tissue types. 

The transcriptomics data was normalized 
by applying two different strategies with the 
main objective to allow (i) within-sample com- 
parisons and (ii) between-sample comparisons, 
respectively, as outlined in fig. S1. For the 
within-sample comparisons, the fraction of 
transcripts corresponding to a particular gene 


3 of 12 


RESEARCH | RESEARCH ARTICLE 


Pituitary gland Mil 
Retina 
Tongue 
Salivary gland 
Esophagus 
Adrenal gland Hil 
Thyroid gland Mil 
Parathyroid gland Mill 
Lung |) 
Liver 
Gallbladder 
Kidney 
Urinary bladder 
Stomach Hl 
Intestine I 
Pancreas il 
Skeletal muscle Ii 
Lymph node Smooth muscle il 
Tonsil Heart muscle Mil 


Appendix Adipose tissue 1 
Spleen Bone marrow i 
Thymus |— Lymphoid tissues [ll 


Cellular retinoic acid binding protein 2 
Cc (CRABP2) in vagina 


Zinc finger protein 80 


1 Breast 
1) Endometrium 
Ce? a Ovary 
© Cervix 
Fallopian tube 
Vagina 
lacenta 


Epididymis 
uctus deferens 


rostate 
Seminal vesicle 
estis 


HB Blood 


Cone-rod homeobox 
(CRX) in retina 


(ZNF80) in breast 


Bone marrow 
Blood 
Lymphoid tissue 

Liver 


Kidney 

ntestine 
Urinary bladder 

| rostate 
Smooth muscle 


Endometrium 
-— Vagina 
Cervix,uterine 


-— Ovary 
'—— fallopian tube 
| -— Breas 
—s Adipose tissue 
Stomac 
(——} Gallbladder 


Thyroid gland 
Seminal vesicle 


Lie 


Sing 


x) 
2 
o 
o 
a] 
o 
ne) 


Mi Tissue enhanced 
WM Group enriched 
Mi Tissue enriched 


1 _____- Placenta 

fa Skeletal muscle 

4 Heart muscle 
-——_ Tongue 

Lf u— Esophagus 
t_______ Skin 
Brain 
estis 
0.4 0.2 0.0 0 


Distance (1- Spearman's rho) 


500 1000 1500 2000 


Number of elevated genes 


Ductus deferens 


Parathyroi 
Bone m 


gland 
arrow 
ongue 
Retina 


Skeletal muscle 


Vagina 


Liver 


Smooth muscle 


Adrena 


gland 


Seminal vesicle 


Pitui ary gland 


acenta 


vary 


Heart muscle 


Thyroi 
‘a 
Adipose 
Endom 
Fallopia 
Urinary b 


gland 
ncreas 
issue 
etrium 
n tube 
adder 


Stomach 


Kidney 


Esophagus 


Gall 


P 


adder 
Skin 
Breast 
rostate 


Cervix.uterine 


kung 
Salivary glan 
Epididymis 
Intestine 


Lymphoid 


Low tissue 


specificity 8,385 


(42.6%) 


issue 
Brain 
Testis 


Number of detected genes 
12,000 


14,000 16,000 


mNx 
al 


Not detected 216 
(11%) Tissue enriched 2,845 
y (14.5%) 


Group enriched 1,637 
(8.4%) 


‘Tissue enhanced 6,587 
(33.5%) 


ds 
SUe-enthanced 


Fig. 3. Classification of the human global gene expression profiles across all major tissues and organs and the immune cell types. (A) Schematic view of all human 
tissues and organs analyzed. (B) The number of detected genes in selected tissues based on pTPM and NX values, respectively. (€) Three examples of tissues introduced 
in this study. (D) Pie chart showing the number of genes classified according to the specificity categories. (E) (Left) A dendrogram based on the correlation of global 
expression profiles across all tissues and organs, including blood. (Right) Barplot displaying the number of elevated genes for each tissue type. (F) Chord diagram showing the relationship 
between the distribution classification and the specificity classification. Each link represents the number of genes with the linked distribution category and specificity category. 
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is used. We focus on the protein-coding tran- 
scripts and the fraction of transcripts per million 
of total transcripts from protein-coding genes 
(pTPM) calculated for each individual gene in 
every sample. The pTPM value is visualized on 
the Blood Atlas page of the Human Protein 
Atlas across the samples for each of the genes. 
The pTPM values can be considered as the 
within-sample normalized data from the deep 
sequencing, in which noncoding RNA has been 
excluded from the analysis. The pTPM values 
can be used to investigate the abundance of a 
particular gene, gene family, or gene class rel- 
ative to all other transcripts in a particular cell, 
tissue, or organ. 

The second normalization strategy is carried 
out to allow for comparisons across samples 
and to avoid batch effects caused by sampling, 
technology platforms, or the difference in trans- 
criptome size between different types of tissues, 
as exemplified by pancreas and salivary gland, 
where a small number of genes are very highly 
expressed (22, 23). This is particularly impor- 
tant when tissue samples based on different 
transcriptomic technology platforms have been 
used, as described for the tissue analysis where 
RNA sequencing data from multiple sources 
as well as cap analysis of gene expression data 
from the FANTOM5 program have been com- 
bined. Here, we used a normalization based 
on trimmed mean of M values (TMM) (30), 
Pareto scaling (32), and the Limma R package 
(32) to calculate a normalized expression value 
(NX) for each gene in every sample. In the 
Human Protein Atlas, the NX value for each 
gene is visualized in parallel with the pTPM 
value for all tissues and cell types. The objec- 
tive of using the NX value is to facilitate the 
analysis of differences in expression of genes 
between cells, tissues, and organs and to al- 
low for a specificity classification based on the 
genome-wide expression of all genes across the 
human blood cells, tissues, and organs. 

The number of detected genes in the dif- 
ferent tissues and organs was investigated 
using both the within-sample normalization 
(pTPM) and the between-sample normaliza- 
tion (NX), in both cases using a cutoff value 
of 1, as described previously (77). In Fig. 3B 
and fig. S2, the results for selected tissues are 
shown, and the analysis demonstrated a sim- 
ilar number of detected genes for most sam- 
ples, with some notable exceptions, including 
tissues with a small fraction of highly abundant 
transcripts, such as bone marrow (hemoglo- 
bin), pancreas (digestive enzymes), liver (albu- 
min), and salivary gland (digestive proteins). 


The revised tissue classification of all 

human genes 

The extended data allowed us to refine the 
classification for the putative protein-coding 
genes on the basis of their expression across 
all 37 cells, tissues, and organs. Some examples 
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of genes detected in the recently added tis- 
sues are shown in Fig. 3C. The first example, 
CRABP2 in vagina, plays a role in the vitamin 
A signaling pathway, with tissue-enhanced 
expression in squamous mucosa and with nu- 
clear and cytoplasmic positivity in suprabasal 
squamous epithelia. Another example is breast 
with ZNF80, a protein with unknown function 
that here shows nuclear positivity with tissue 
enhanced expression in blood and breast tissue. 
Also shown is retinal epithelium with cone-rod 
homeobox protein (CRX), showing nuclear posi- 
tivity in the cone-and-rod photoreceptor layer. 

All 19,670 genes were classified according to 
a strategy based on scoring both tissue spe- 
cificity and tissue distribution (tables S1 and 
$2; full list of results in data S1). Of all protein- 
coding genes, 56% (n = 11,069) showed ele- 
vated expression in at least one of the analyzed 
tissues, and these were further subdivided into 
(i) tissue-enriched genes with at least fourfold 
higher expression levels (based on NX values) 
in one tissue type as compared with any other 
analyzed tissue; (ii) group-enriched genes with 
enriched expression in a small number of tis- 
sues (2 to 5); and (iii) tissue-enhanced genes 
with only moderately elevated expression (table 
Sl). 2845 genes (14%) of the protein-coding 
genes were found to be enriched in one of the 
analyzed tissues (Fig. 3D), and only 216 genes 
were not detected in any of the analyzed tis- 
sues. Our classification shows the number of 
tissue-enriched genes for each tissue type, as 
well as the number of genes enriched in diffe- 
rent groups of tissues (Fig. 3E). The largest 
number of tissue-enriched genes are found in 
the testes, as shown in our previous results (17); 
however, the largest number of elevated genes 
is now found in the brain, most likely owing to 
the inclusion of many more brain regions as 
compared with earlier versions of the atlas. 
Whereas the specificity classification showed 
us the enrichment of genes, the distribution 
classification showed us the fraction of tissues 
where the gene is expressed. Only 737 genes 
(4%) are restricted to a single tissue, while 
almost half of the protein-coding genes are 
expressed in all tissues (m = 9638) (fig. S3). 

The global expression profiles were investi- 
gated using the between-sample normalized 
values (NX) using PCA (fig. S4), UMAP (fig. S5), 
and hierarchical clustering based on genome- 
wide correlation between the cells, organs, and 
tissue types (fig. S6). The resulting dendrogram 
(Fig. 3E) shows that testis and brain have the 
most distinct expression profiles compared 
with all other tissues, and that blood is most 
highly correlated with lymphoid tissues and 
bone marrow. The overall results corresponded 
well with the origin and function of each tissue, 
as exemplified by many of the female tissues 
clustering together and the close connectivity 
of the two tissues composed of striated muscle 
(cardiac and skeletal muscle). 
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In Fig. 3F and table $3, a summary of all 
19,670 genes with regard to both tissue spe- 
cificity and distribution classification is shown 
with the genome-wide relationship of the two 
classification schemes introduced, showing that 
only 586 genes are “tissue specific,” meaning 
they are tissue-enriched and, at the same time, 
only detected in a single tissue (this list is 
available at www.proteinatlas.org). Relatively 
few genes (n = 1637) were found to be group- 
enriched, and this lower number compared 
with earlier results (17) is most likely explained 
by the fact that some tissues have now been 
grouped together, such as lymphoid tissues, 
intestine, and brain. 43% (nm = 8385) of the 
genes were classified as “low tissue specificity,” 
and most of these are found in the “detected 
in all” category. All 19,670 protein-coding genes 
in humans have now been analyzed with re- 
spect to their tissue specificity and distribu- 
tion across all major organs, tissues, and blood 
cells in the human body, and the results are 
available in the Human Protein Atlas. 


Transcriptome usage in different cells and tissues 


An analysis of the transcriptome allowed us to 
determine the fraction of transcripts corre- 
sponding to different genes in each analyzed 
cell type and tissue. Here, we report the trans- 
criptome usage for some representative blood 
cell types and tissues on the basis of within- 
sample normalized pTPM values (Fig. 4A and 
fig. S7A) and between-sample NX normalized 
values (Fig. 4B and fig. S7B). These are fur- 
ther stratified according to genes coding for 
secreted, membrane-bound, and intracellular 
proteins. It is notable that, for pancreas and 
salivary gland, as much as 80 and 50%, re- 
spectively, of the transcripts (based on pTPM) 
encode for secreted proteins. This demon- 
strates the extreme specialization of these 
“secretory cell factories” for production of 
extracellular proteins, with a few genes domi- 
nating the transcriptome load. The most abun- 
dant proteins in pancreas code for digestive 
enzymes, such as lipases (PNLIP, CLPS), pro- 
teases (PRSS1, CELA3A), and peptidases (CPA1, 
CPB1). The most abundant proteins in salivary 
gland are a protein with essentially unknown 
function (submaxillary gland androgen regula- 
tory protein 3B, SMR3B) and statherin (STATH), 
which prevents the precipitation of calcium 
phosphate in saliva, maintaining a high calcium 
level in saliva that is necessary for remineraliza- 
tion of tooth enamel. The second- and fourth- 
most abundant proteins in salivary gland are 
antimicrobial peptides (HTN3 and HTNI). 
Similarly, the liver has a large fraction of secreted 
proteins with the most abundant being albumin 
(ALB), haptoglobin (HP), and apolipoprotein 
A2 (APOA2). 

In contrast, >60% of all pTPM values for 
cardiac muscle code for membrane proteins, 
mainly consisting of mitochondrial proteins, 
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Fig. 4. Analysis of the global expression profiles in the various tissues. 

(A) The transcriptional load based on pTPM in some selected cells and tissues 
stratified according to protein location: secreted, membrane-bound, or intra- 
cellular. The genes with most abundant transcripts are labeled. (B) Same as (A), 
but based on the between-sample normalized NX values scaled to a sum of one 
million. (C) Immunohistochemistry (IHC) images from the Human Protein Atlas 
for four examples of the most abundant genes in some selected tissues. 

(D) Boxplot showing the distribution of the number of detected genes for the 
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combined groups of tissue types (brain, blood, intestine, and lymphoid tissues), 
all single tissue types, the 18 blood cell types, and cell lines (18). (E) The number 
of genes expressed in all samples is shown based on the earlier analysis (17), and 
in all tissues, the immune cell types reported here as well as for 60 cell lines. 
Also shown is the number of genes when including all these three sample types. 
We also compare the number of genes identified as “essential” using CRISPR 
knock-out strategies (33, 34) and highlight the number of genes not “detected in 
all” for all samples covering the cell lines, tissues, and blood cells. 
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which is not unexpected given the extreme 
requirement of energy in the cardiac muscle. 
For most tissues and for all the single blood 
cells, the intracellular proteins instead con- 
stitute most of the transcriptome load, as 
exemplified by bone marrow with hemoglo- 
bin (HBB) and the skin with keratin (KRT10) 
(Fig. 4C) as the most abundant transcript, re- 
spectively. In the blood cells, there are fewer 
genes with a dominant abundance, although 
the most abundant transcript in neutrophils 
is the gene encoding the intracellular protein 
ferritin light chain (FTL), a subunit of ferritin, 
the major protein responsible for intracellular 
iron storage. A notable example of a gene with 
abundant transcripts, but with almost no known 
functional information, is the interferon-induced 
transmembrane protein 2 (IFITM2), which is 
highly expressed in neutrophils and here is 
shown in spleen. The transcriptome maps 
demonstrate the high specialization of each 
tissue with a large portion of the transcript 
burden devoted to functions of relevance for 
the corresponding cells in respective tissue type. 


Number of detected genes and the 
“housekeeping” genes 


An analysis of the number of detected genes 
in the various samples (Fig. 4D) shows that 
~16,000 genes are detected in the four com- 
bined groups of multiple tissue types (blood, 
brain, intestine, and lymphoid tissues), while 
the analysis of single tissues shows a slightly 
smaller number of genes (~14,000 on average) 
—with the exception of testis, in which 16,598 
genes are detected. This is in contrast to the 
much smaller number of detected genes when 
analyzing cell lines (~9500 genes per cell line) 
and single blood cell types (~10,000 genes). The 
fact that more genes are detected in tissues as 
compared with the single cell type analysis is 
not unexpected, as it reflects the presence of 
a multitude of different cell types present in 
composite tissues. The observation that a 
slightly smaller number of genes are detected 
in the cell lines as compared with the single 
blood cells is interesting, and it is tempting to 
speculate that this is due to the in vitro spe- 
cialization of the cell lines. 

Almost half (49%) of the protein-coding 
genes (7 = 9638) were detected in all analyzed 
tissues (Fig. 4E), and these genes include known 
“housekeeping” genes encoding mitochon- 
drial proteins, and proteins involved in overall 
cell structure, translation, transcription, and 
replication. An analysis of the human cell lines 
shows that 4101 genes are detected in all sam- 
ples. Similarly, the analysis of the 18 single 
blood cell types shows that 5874 genes are 
ubiquitously detected across all immune cells. 
If the tissues, cell lines, and single blood cell 
types are combined, the number of protein- 
coding genes detected in all samples is de- 
creased to 3399 (Fig. 4E). This is still a much 
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larger number when compared with the deter- 
mination of essential genes using genome-wide 
CRISPR-Cas9 knock outs (33, 34), which iden- 
tified 1824 and 1527 genes with unconditional 
importance for cell survival, respectively. This 
suggests that many genes are present in all cells 
but that they perform redundant functions in 
cell lines. Altogether, we identified genes that are 
both essential in genome-wide knock-out screens 
and here detected in all blood cells, cell lines, 
tissues, and organs. This list of genes (available 
at www.proteinatlas.org) contains many well- 
known housekeeping genes involved in replica- 
tion, translation, and cellular processes, and more 
in-depth studies are needed to explore the func- 
tion of the genes detected in all tissues and yet not 
identified as essential by the knock-out screen. 
It is reassuring that the number of “missing 
genes,” i.e., those not detected in any tissue or 
cell type, is now reduced to 216, which is 
only ~1% of the total number of predicted 
protein-coding genes. We therefore revised 
(35) the number of genes for which evidence 
at protein level is present by combining our 
antibody-based data with the manual anno- 
tation of literature by the UniProt consortium 
(36) and the results from mass spectrometry- 
based proteogenomics analyses (37). The analy- 
sis showed that there are 17,660 protein-coding 
genes with proteins identified from at least 
one of the three efforts and 15,155 genes with 
experimental evidence from at least two of 
the efforts (fig. S8; see www.proteinatlas.org/ 
humanproteome/proteinevidence for details). 
Furthermore, there are 1794 additional genes 
with evidence only at the RNA level, and these 
genes are obvious targets for more comprehen- 
sive functional protein studies. It is notable 
that chromosome 11 has many more missing 
genes than the other chromosomes, likely 
owing to its high number of olfactory genes. 
A summary of the supporting data in a 
chromosome-centric manner is shown in the 
new version of the Human Protein Atlas 
launched as part of this publication. 


Classification of cell type-specific expression 
profiles in human blood immune cells 


We next performed a genome-wide analysis 
with regard to expression profiles in the blood 
cells for the identification of proteins with an 
elevated expression in immune cells. This was 
performed both on the cell type level (7 = 18 
cell types) and on cell lineage level in which 
the various cell types were combined into six 
groups, including T cells, B cells, and gran- 
ulocytes (see full list of results in data S1). The 
number of genes in each of the five specificity 
categories is shown in Fig. 5A, with 1448 genes 
classified as cell type-enriched in one of the 
cell types and 5934 (30%) of all protein-coding 
genes elevated in at least one of the human 
blood cell types. Many genes (n = 3797) were 
not detected in any of the blood cells, while 
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9939 showed low specificity for expression in 
blood cells. The cell type distribution (fig. S9) 
showed that only 1713 genes were detected in a 
single cell type, while 5934 were detected in all 
18 cell types. The relationship of the two classi- 
fication schemes is compared in fig. S10 and 
table S4, showing that 889 genes are cell type- 
enriched and detected in a single cell type. 
These genes are of interest for further study 
to explore the biological functions linked to 
the respective different cell phenotypes. A heat- 
map showing the transcript expression profiles 
for all 1448 immune cell type-enriched genes 
shows that most are found in neutrophils, 
basophils, and plasmacytoid dendritic cells 
(Fig. 5B), while the group-enriched genes are 
more evenly distributed across the 18 cell types. 

A network plot of all cell type-enriched and 
group-enriched genes (Fig. 5C) reveals a clus- 
ter of genes enriched in T cells and another 
cluster enriched in myeloid cells. Many genes 
(n = 114) are also shared between the two types 
of B cell populations (mature and naive). In 
Fig. 5D, the number of elevated genes in the 
different blood cell types, clustered on the basis 
of the expression profiles, is shown, again high- 
lighting the many cell type-enriched genes 
in neutrophils, eosinophils, and plasmacytoid 
dendritic cells, while many of the elevated 
genes in T and B cells are group-enriched 
across subpopulations of these lymphocytes. 
In fig. S11, all group-enriched and tissue- 
enriched genes are visualized and the relation- 
ship of sharing enriched expression between 
the cell types can be observed. 

The extensive data generated here also al- 
lowed us to investigate the relationship be- 
tween (body-wide) tissue expression and the 
expression in the single blood cell types. In 
Fig. 5E, a summary of all individual genes is 
shown with classification based on distribu- 
tion in all tissues and blood cell types, respec- 
tively, and a summary of the genes that are 
enriched both on tissue level and blood cell 
level can be found in fig. $15. Some, but not a 
majority, of the genes expressed in a single or 
several blood cell types are shown to be pre- 
dominately expressed in blood cells even when 
all major tissues and organs are considered. 
It is notable that many of the genes detected 
in all tissues are only detected in some of the 
blood cell types, suggesting that they are not 
necessary for cell survival. 


Enriched genes among the blood immune 
cell types 


Using our definition of cell population enrich- 
ment and cell group enrichment of genes, we 
analyzed the enriched genes among the 18 im- 
mune cell populations. Figure 6A shows the 
top five genes most enriched for each cell 
population, colored by their predicted protein 
location either in the membrane, secreted, or 
intracellular. Notable examples (Fig. 6B) include 
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Fig. 5. Cell type-specific classification of the human blood cells. (A) The number of genes classified according to cell type specificity. (B) A heatmap showing the 
expression of all the cell type-enriched genes across the 18 cell types. Heatmaps for the other specificity categories can be found in figs. S12 to S15. (C) Network 

plot showing the number of cell type- and group-enriched genes in the 18 cell types. The network is limited to nodes with a minimum number of seven genes. (D) (Left) A 
dendrogram based on the correlation of global expression profiles across the 18 cell types. (Right) Barplot displaying the number of elevated genes for each cell type. 
(E) The relationship of all human protein-coding genes with regard to single blood cell type specificity and whole-body tissue and organ specificity. 


catalase (CAT), a gene encoding a key anti- 
oxidant enzyme converting the toxic reactive 
oxygen species hydrogen peroxide to water and 
oxygen and believed to be expressed broadly 
in the peroxisome of most cells (38). Our data 
indicated a strongly enriched expression level 
of CAT in eosinophils, which is much higher 
than the expression in any other immune cell 
population. This finding warrants more mech- 
anistic analyses of CAT in eosinophils. Anoth- 
er notable finding is the chemokine receptor 
CXCR6, which is more highly expressed by 
MAIT cells than any other cell population, sug- 
gesting a particular importance of this receptor 
and its ligand, the chemokine CXCL16, in reg- 
ulating MAIT cell trafficking. MAIT cells are a 
population of T cells that has gained a lot of 
interest in recent years for its role in antibac- 
terial defense, particularly on mucosal sites, 
through its recognition of molecules derived 
from the bacterial and fungal riboflavin bio- 
synthesis pathway (39). These cells have been 
shown to express multiple trafficking recep- 
tors, and their circulation between blood and 
tissues has been debated. 

Another example is the granzyme B (GZMB) 
gene, a well-known serine protease secreted in 
granules by cytotoxic T cells and NK cells and 
necessary for target cell apoptosis (40). We 
found that GZMB expression is strongly en- 
riched in plasmacytoid dendritic cells (pDCs). 
GZMB expression in pDCs has been reported 
previously (40), but according to our data, 
GZMB expression in pDCs is about fivefold 
higher than in any other cell type, which sug- 
gests an important function of granzyme B in 
pDCs (42). It is of interest that the population 
of pDCs also exhibits elevated levels of several 
other genes (AXL, PPPIRI4A, SIGLEC6, ITM2C, 
and DAB2) suggested to be specific for a low 
abundant subgroup of DCs called AS DC with 
negative GZMB expression, recently described 
by Villani et al. (42). Because GZMB variants 
have been associated with the autoimmune 
disease vitiligo (43), pDCs could potentially play 
an unappreciated role in the pathogenesis of 
this condition. To confirm this elevated ex- 
pression in pDC at the protein level, blood im- 
mune cells were analyzed by mass cytometry, 
and the results confirm higher protein levels of 
granzyme B in the cytoplasm of pDCs as com- 
pared with NK cells and CD8* T cells (Fig. 6C). 
The GZMB expression levels examined by mass 
cytometry could not distinguish the proposed 
AS DC subgroup within the pDC population. 

We also complemented our classification 
strategy by performing a large number of dif- 
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ferential expression analyses based on DESeq2 
(44) to identify genes with variable expression 
when comparing two cell lineages or two cell 
populations (fig. S17). The comparison between 
cell lineages B and T cells show many genes 
with differential expression, including well- 
known B cell markers, such as CD19, CD22, and 
CD79, but also several genes not previously 
described as elevated in B cells, such as Ras 
associated domain family member 6 (RASSF6) 
and the zinc finger protein 860 (ZNF860). Sim- 
ilarly, genes identified as T cell markers include 
well-known genes, such as CD3, CD6, inducible 
T-cell costimulatory COS), and thymocyte se- 
lection associated (THEMIS), but also other 
genes not yet identified as T cell elevated, such 
as Ras guanyl releasing protein 1 (RASGRPI) 
and fibroblast growth factor binding protein 
2 (FGFBP2). All significantly differentially ex- 
pressed genes for each DESeq2 analysis are 
available as a separate list (data S2). 


Cellular expression of genes causing inborn 
errors of immunity 


In a recent listing of primary immunodefi- 
ciency diseases (PID), 354 diseases were listed 
as consequences of monogenic defects in genes 
associated with the immune system (45) in- 
volving 224 known genes. The mechanism of 
disease is often incompletely understood, and 
we reasoned that an analysis of cellular ex- 
pression of identified genes could help gener- 
ate better hypotheses for further mechanistic 
investigation. We analyzed the NX levels of 
224 PID genes across the 18 sorted immune 
cell populations, as well as some selected tis- 
sue profiles, and identified seven clusters with 
shared cellular and tissue distribution (Fig. 6D 
and figs. S18 and S19). A first group (cluster A) 
consists of 11 proteins restricted to T cells and 
NK cells, such as CD3 and the signaling inter- 
mediates ZAP70 and LCK (Fig. 6E). A second 
group (cluster B) consists of a subgroup of 
15 genes present in all blood cells, but with 
much lower expression in the other tissues. 
Cluster C consists of genes ubiquitously ex- 
pressed across all analyzed tissues and immune 
cell types. Cluster D consists of 34 proteins 
mainly originating from the liver and involves 
known plasma proteins such as complement 
factors C5, C8, and C9. Cluster E consists of 
proteins mainly expressed in particular cell 
lineages, such a B cell-restricted proteins, CD19, 
and CD79A. Cluster F consists of genes with 
elevated expression in monocytes and den- 
dritic cells, and cluster G has relatively high 
expression in lymphoid tissues and bone mar- 
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row but low expression in the mature immune 
cell type in circulation. Several examples of 
interesting expression patterns can be observed, 
including the CEBPE gene (cluster E) causing 
specific granule deficiency 1 (SG1) (46) that has 
high expression in eosinophils. This condition 
has been considered a neutrophil-granule defi- 
ciency associated with recurrent pyogenic in- 
fections, but our cell type expression pattern 
indicates that CEBPE is mostly expressed by 
eosinophils and not at all by neutrophils. It is 
possible that during neutrophil development, 
or upon stimulation, CEBPE might also be ex- 
pressed in neutrophils, but our results sug- 
gested that eosinophil deficiency should also 
be considered in SG1. This use case illustrates 
the usefulness of the updated human protein 
atlas as novel genes are identified as possible 
causes of immunodeficiencies and other dis- 
eases in human patients. 


Discussion 


Here, we present an atlas of the expression of 
all protein-coding genes in human blood cells, 
and this data has been integrated with an 
analysis of the tissue specificity of all genes 
covering all major tissues and organs in the 
human body. An interactive Blood Atlas re- 
source is presented as part of the Human Pro- 
tein Atlas, including expression data from other 
sources, such as blood cell transcriptomics from 
Monaco et al. (21) and Schmiedel et al. (20). The 
resource described here enables comparative 
analysis with other sources of data, such as 
single-cell genomics, proteomics, and antibody- 
based measurements, to allow comprehensive 
molecular profiles of the individual human 
blood cell types. In addition, the Tissue Atlas 
(17) was complemented with transcript expres- 
sion data for brain and other normal tissue 
types from GTEx (4) and FANTOMS (5). A nor- 
malization strategy has been introduced which 
has allowed integration of the various diverse 
datasets to produce a consensus classification 
across the cells, tissues, and organs. This has 
enabled the analysis of the cell type-specific 
expression across the blood immune cell types 
as well as the various tissues and organs. A re- 
vised classification of all protein-coding genes 
is presented with regard to both cell and tissue 
distribution. 

The tissue expression profiles described ear- 
lier (17) are supported, but the inclusion of the 
comprehensive single cell type analysis of human 
blood, together with inclusion of more brain 
regions and specialized tissue, has changed 
some of the patterns of tissue specificity. The 
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Fig. 6. The relationship between blood cell type-specific genes and tissue-specific genes and analysis of genes causing inborn errors of immunity. (A) The 
expression levels of all cell type-enriched genes, with the five most abundant genes named. (B) The expression profiles of some selected genes. (C) The results of flow 
sorting (CyTOF) using antibodies toward GZMB and CD45. (D) A heatmap showing the expression of 224 genes known to cause human inborn errors of immunity and their 
expression across all major tissues in the human body. A similar heatmap containing the gene names can be found in fig. S18, and separate heatmaps of each major disease type 


in all blood cells and tissues can be found in fig. S19. (E) 


brain now has the highest number of elevated 
genes, while testis still has most enriched 
genes, defined as an expression fourfold high- 
er than that of any other tissue. The inclusion 
of more cells and tissues has also allowed us 
to provide evidence for many more genes, and 
the total number of missing genes with no pro- 
tein or RNA evidence is now only ~200. For 
blood cells, a comprehensive list of all proteins 
showing an enriched expression in the various 
cell types is presented, confirming well-known 
protein markers but also identifying interest- 
ing targets for in-depth analysis both to study 
the basic biology of blood cells and to develop 
new targets for immune-based diagnostics and 
therapies. The examples presented here illus- 
trate the potential of the Blood Atlas, and its 
determination of cell type gene enrichment, 
for the generation of hypotheses from previously 
unknown differences in cell population expres- 
sion of important genes in the immune system. 

This newly created resource elucidates the 
gene expression of individual immune cell pop- 
ulations to allow a better understanding of 
diseases involving the immune system. The 
emerging technology of single-cell genomics 
(42, #7) will in the future be a good comple- 
ment to such studies to identify low abundant 
cell subpopulations previously not described. 
Here, we also highlighted the cell type-specific 
expression of 224 genes associated with prim- 
ary immunodeficiencies in humans, and we 
find cell type-specific expression patterns of 
relevance for their respective clinical pheno- 
type. A large fraction of these genes is expressed 
in a large number of cell types, enforcing the 
need to take a holistic, body-wide approach to 
identify genes of importance for human biol- 
ogy and diseases. To facilitate such studies, we 
have launched an interactive, open-access Blood 
Atlas with all the data integrated as part of 
the Human Protein Atlas, allowing for genome- 
wide exploration of the protein-coding genes 
expressed across immune cell populations and 
in relation to spatial expression patterns in all 
major human tissues and organs. 
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INTRODUCTION: The interaction between a bac- 
terial pathogen and its host can be viewed as an 
“arms race” in which each participant contin- 
uously responds to the evolving strategies of the 
other partner. A mechanism allowing bacteria to 
rapidly adapt to such changing circumstances is 
provided by density-dependent cell-to-cell com- 
munication known as quorum sensing (QS). QS 
involves a hierarchy of signaling molecules, 
which in pathogenic bacteria is associated with 
biofilm formation and virulence regulation. 
Notably, some QS molecules are detected by 
the host, and these can provoke specific immune 
responses. However, the receptors and their sig- 
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naling pathways that the host uses to eavesdrop 
on bacteria remain poorly understood. 


RATIONALE: We hypothesized that if a host sen- 
sor can detect and differentiate between bacte- 
rial QS molecules and their expression patterns, 
it will allow hosts to customize their immune 
responses according to the stage and state of 
infection. We recently showed that the aryl hy- 
drocarbon receptor (AhR) directly recognizes 
pigmented bacterial virulence factors, such 
as the phenazines produced by Pseudomonas 
aeruginosa, which are downstream products 
of QS. Upon binding phenazines, the AhR elicits 
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Bacterial communication under the radar of the host aryl hydrocarbon receptor (AhR). The AhR spies 
on bacterial communication and translates the bacterial signaling vocabulary into the most appropriate host 
defenses. The expression of bacterial quorum-sensing molecules, such as homoserine lactones, quinolones, and 
phenazines, varies according to community density and state of infection. The AhR can detect the type and 
quantity of quorum-sensing molecules and hence the state of infection, and thus tunes host defenses. 


Moura-Alves et al., Science 366, 1472 (2019) 20 December 2019 


diverse immune responses that coordinate host 
resistance to infection. As a result of its capacity 
to sense a broad array of ligands, we postulated 
that the host AhR is well positioned to spy on 
bacterial communications, continuously moni- 
tor bacterial infection dynamics, and thereby 
signal to the host to tune immune responses 
according to the state of infection. 


RESULTS: Our results demonstrated that in- 
fected hosts show differential modulation of host 
AhR signaling over the course of P. aeruginosa 
infection in zebrafish, mice, and human cells. 
AhR signaling depended on the relative abun- 
dances of several classes of P. aeruginosa QS 
molecules, including homoserine lactones (e.g., 
N-3-oxo-dodecanoyl-homoserine lactone), quin- 

olones (e.g., 4-hydroxy- 


2-heptylquinoline), and 


Read the full article | Phenazines (e.g., pyocya- 
at http://dx.doi. nin). In vitro and in vivo 
org/10.1126/ studies showed that the 
science.aawl629 AhR not only detects 

P. aeruginosa QS mole- 
cules in a qualitative way but also quantifies 
their relative abundances. Quantitative assess- 
ment enables the host to sense bacterial com- 
munity densities that may have distinct gene 
expression programs and infection dynamics, 
and thereby to regulate the scale and intensity 
of host defense mechanisms, which can range 
from induction of inflammatory mediators to 
immune cell recruitment and bacterial clearance. 


CONCLUSION: Our findings emphasize a crucial 
role for host AhR as master regulator of host 
defense responses, capable of tuning immunity 
according to the stage of infection and disease. 
By inhibiting profuse and inessential immune 
responses, the host can counteract some of the 
detrimental effects of infection and avoid collat- 
eral damage. We propose that host surveillance 
of bacterial communication allows not only a 
trade-off between energy expenditure and effi- 
cient defense in the host, but also a trade-off 
between energy expenditure and virulence in 
the pathogen. 

QS is not restricted to P. aeruginosa, and we 
postulate that monitoring of bacterial QS by 
hosts may be a widespread phenomenon. Dif- 
ferent therapeutic strategies to manipulate 
P. aeruginosa QS have been attempted, including 
adaptive treatment regimens for cystic fibrosis 
patients, who suffer severely from this pathogen. 
A better understanding of the cross-talk between 
host AhR and bacterial QS could pave the way to 
specific host-directed therapies to treat infectious 
diseases, tailored not only to the type of infection 
but also to the specific stage of disease. 
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Gerald Brenner-Weiss", January Weiner 3rd'{, Hartmut Oschkinat®, Michael Kolbe**°, 


Gerd Krause®, Stefan H. E. Kaufmann?3* 


Pseudomonas aeruginosa rapidly adapts to altered conditions by quorum sensing (QS), a communication 
system that it uses to collectively modify its behavior through the production, release, and detection 
of signaling molecules. QS molecules can also be sensed by hosts, although the respective receptors and 
signaling pathways are poorly understood. We describe a pattern of regulation in the host by the aryl 
hydrocarbon receptor (AhR) that is critically dependent on qualitative and quantitative sensing of 

P. aeruginosa quorum. QS molecules bind to AhR and distinctly modulate its activity. This is mirrored 
upon infection with P. aeruginosa collected from diverse growth stages and with QS mutants. We 
propose that by spying on bacterial quorum, AhR acts as a major sensor of infection dynamics, capable 
of orchestrating host defense according to the status quo of infection. 


seudomonas aeruginosa is a resourceful 
and ubiquitous Gram-negative bacte- 
rium that causes infectious diseases in 
a broad spectrum of organisms, includ- 
ing plants, animals, and humans (1). 
Its prevalence in burn victims, cystic fibrosis 
(CF) patients, and immunocompromised in- 
dividuals (such as AIDS patients) is com- 
monly associated with a poor, often fatal 
outcome (2). P. aeruginosa is also a major 
cause of nosocomial infections, such as bac- 
terial pneumonia, urinary tract infection, and 
surgical-wound contamination (7). Because 
of its profound antibiotic resistance, ther- 
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apy of P. aeruginosa is extremely difficult (1). 
Moreover, this pathogen possesses a wide 
range of mechanisms to adapt to different 
and sometimes harsh environments, further 
aggravating its eradication, even by antibiotic 
treatment (J). 

One such important and unifying mecha- 
nism is the capacity of P. aeruginosa to perform 
quorum sensing (QS) (/, 3, 4). QS is a cell-to-cell 
signaling mechanism used by different bacteria 
to coordinate their activities in response to 
changes in community density. This coordi- 
nation depends on chemical communication 
using different diffusible molecules, so-called 
autoinducers, and their receptors (Fig. 1A) 
(3, 4). In P. aeruginosa, QS regulates the pro- 
duction of a vast set of virulence factors, such 
as extracellular proteases and phenazines, and 
is crucial for colonization and infection, regu- 
lating diverse mechanisms such as biofilm for- 
mation and antimicrobial resistance (J, 3-5). 
Differences in P. aeruginosa virulence and 
transition from acute to chronic infection have 
been linked to changes in autoinducer levels 
and in the expression of QS-regulated genes 
(, 3, 6-8). Consequently, QS constitutes an 
obvious target in the current search for novel 
treatment options for P. aeruginosa infections 
(3, 4, 9). Changes in the expression of auto- 
inducers and QS-regulated genes may have an 
impact not only on bacterial community dy- 
namics, but also on the host response during 
infection. It was previously reported that differ- 
ent QS-regulated molecules, such as homoserine 
lactones (HSLs), quinolones, and phenazines, 
can interact with host cells, thereby influencing 
a broad range of responses including immuno- 
modulation (9). Thus far, the host receptors 
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and signaling pathways, as well as the mech- 
anisms involved in monitoring infection dy- 
namics, are incompletely understood. 

Recently, we demonstrated that the aryl hy- 
drocarbon receptor (AhR), a highly conserved 
ligand-dependent transcription factor, directly 
recognizes P. aeruginosa phenazines and there- 
by plays an important role in infection control 
(0). AhR binds to phenazines, mediates their 
degradation, and regulates the expression of 
several host genes including detoxifying en- 
zymes, chemokines, and cytokines. Accordingly, 
resistance of AhR-deficient (AAR! ~) mice to 
P. aeruginosa is diminished (10). Taking into 
consideration the vast set of ligands that AhR 
is able to detect and the numerous biological 
roles it can exert, we hypothesized that AhR 
monitors the course of bacterial infection and 
disease by sensing different bacterial QS mole- 
cules expressed at various stages of infection 
(Fig. 1A), and thereby orchestrates the most 
appropriate immune response against differ- 
ent stages of infection. 


AhR senses bacterial QS molecules in vitro 


Using luciferase AhR reporter cells (0), we in- 
fected THP-1 macrophages (THP-1 AhR re- 
porter) and A549 alveolar type II pneumocytes 
(A549 AhR reporter) with P. aeruginosa labora- 
tory wild-type UCBPP-PA14 (PA14 WT) and 
green fluorescent protein-labeled (PA14 WT- 
GFP) strains collected from distinct stages of 
bacterial growth (early log, OD¢éoo < 0.3; mid- 
log, 0.5 < ODg0 < 0.8; late log, OD¢o9 > 1). AHR 
was more profoundly activated by bacteria 
from later growth phases (Fig. 1B and fig. SIA), 
whereas multiplicity of infection (MOI; fig. 
SIB) and percentage of infected cells remained 
comparable over the different growth stages 
(fig. S1, C and D). Similar results were obtained 
with filtered bacterial supernatants from PA14: 
WT strains (Fig. 1C and fig. SIE), pointing to dif- 
ferent AhR signaling by distinct P. aeruginosa 
molecules. A comparable phenotype was ob- 
served using supernatants from PAOI, a differ- 
ent commonly used P. aeruginosa laboratory 
strain (fig. SIF). Among the obvious candidates 
are the P. aeruginosa phenazines, previously 
identified as AhR ligands (0). Consistently, 
increasing concentrations of the P. aeruginosa 
phenazine pyocyanin (Pyo) were detected in 
PA14 supernatants along bacterial growth 
stages (fig. S1, G and H), correlating with the 
observed AhR activation (Fig. 1, B and C, and 
fig. S1, A and E). 

Phenazines are among the QS-regulated mol- 
ecules expressed by P. aeruginosa, with Pyo 
providing a terminal signal of QS (3, 4, 11, 12). 
P. aeruginosa QS is regulated by four tightly 
controlled pathways, namely Las, Rhl, Pqs, 
and Iqs (Fig. 1A) (3, 4, 12). These pathways 
are tightly interconnected and their cognate 
autoinducer molecules are capable of acti- 
vating a distinct downstream transcriptional 
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Fig. 1. AhR modulation by P. aeruginosa. 

(A) Scheme of AhR sensing of P. aeruginosa 

QS molecules during infection. In this depiction of 
the P. aeruginosa signaling cascade during 
different bacterial growth stages. QS molecules are 
shown in black and proteins in colored circles, 

with different colors corresponding to each QS 
molecule. The black arrow with asterisk indicates 

a known interaction between P. aeruginosa 
phenazines and host AhR. (B) Luciferase activity of 
AhR reporter THP-1 (monocytic) and A549 
(pneumocytic) cells upon 24 hours of infection with 
P. aeruginosa PA14 WT strain grown in lysogeny 
broth (LB) medium, at a multiplicity of infection 


(MO!) of 50 (pooled data fro 
experiments). (C) Luciferase 


mn = 3 independent 
activity of AhR reporter 


THP-1 and A549 cells upon 24 hours of stimulation 


with P. aeruginosa filtered su 
diluted), collected from diffe 
phases (pooled data from n 

experiments). (D) Expression 


pernatants (1:25 
ent bacterial growth 
= 4 independent 
of QS molecules in 


supernatants of PAl4 WT, detected by HPLC. Data 
are from one representative experiment of two 
independent experiments. (E) Luciferase activity of 
AhR reporter THP-1 and A549 cells upon 4 hours of 
stimulation with different concentrations of 

P. aeruginosa homoserine lactones (3-0-C12-L-HSL 
or C4-L-HSL) and quinolones (HHQ or PQS) in the 
absence of P. aeruginosa 1-HP; pooled data from 

n = 6 (THP-1) or n = 4 (A549) independent 
experiments. (F and G) Same as (E) but in the 
presence of P. aeruginosa 1-HP; pooled data from 

n = 3 (THP-1) or n = 4 (A549) independent 
experiments (F); n = 3 (THP-1), n = 9 (A549, top), or 
n = 3 (A549, bottom) independent experiments (G). 
(H) CYPIA1 gene expression upon 24 hours of 
stimulation of A549 cells with QS molecules. 

Data are from one representative experiment of at 
least three independent experiments (n = 3 
biological replicates). (I and J) CYP1A1 enzymatic 
activity after 24 hours of stimulation of Hepa-lclc7 
cells with 50 uM 1-HP alone (I) or in the presence 
or absence of other QS molecules (J). Data are 
pooled from n = 7 or n = 4 independent 
experiments, respectively. Pyo, pyocyanin; 

-HP, 1-hydroxyphenazine; PCA, phenazine-1- 
carboxylic acid; PCN, phenazine carboxamide, 
3-0-C12-L-HSL, N-(3-oxodecanoyl)-L-homoserine 
actone; C4-L-HSL, N-butyril-L-homoserine 

actone; HHQ, 4-hydroxy-2-heptylquinoline; 

PQS, 2-heptyl-3,4-dihydroxyquinoline; IQS, 
2-(2-hydroxylphenyl)-thiazole-4-carbaldehyde. 

Data are means + SEM [(B), (C), (E), (F), (G), (I)] or 
means + SD (H). *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001 [one-way analysis of variance 
(ANOVA) in (B), (C), (E), (F), (H), (J); two-tailed 
Student t test in (I)]. 
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Fig. 2. Binding of P. aeruginosa QS molecules to AhR. 5 
(A) In silico docking of P. aeruginosa QS molecules into the 
AhR ligand-binding pocket. (B) Binding of QS molecules 

to AhR, as measured by displacement of radioactive 
(°H]2,3,7,8-tetrachlorodibenzodioxin ((7H]TCDD) from AhR in 
wild-type mouse liver cytosol. Ky values: 3-o-C12-L-HSL, 


B 3-0-C12-L-HSL 
C4-L-HSL 
HHQ 
1407 pas T 
1-HP 
B 120 if I 
a2 100- 
Fo 80+ 
re 
°° 4 
Eg 60 
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= 204 
0-5 T PET | 
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4.67 uM; HHQ, 3.77 uM; 1-HP, 4.48 uM. Data are pooled from n = 3 (3-0-C12-L-HSL), n = 2 (C-4-L-HSL), 
n = 4 (HHQ), n = 2 (PQS), or n = 3 (1-HP) independent experiments. (C) Binding of QS molecules 

to AhR, as measured by microscale thermophoresis assay. Kg values: 3-o-C12-L-HSL, 2.69 uM; PQS, 
130 uM; 1-HP, 1.18 uM. Data are pooled from n = 4 (3-0-C12-L-HSL), n = 3 (C4-L-HSL), n = 4 (PQS), 


or n = 4 (1-HP) independent experiments. 


pathway (Fig. 1A). In brief, N-3-oxo-dodecanoyl- 
homoserine lactone (3-0-C12-L-HSL) and N- 
butanoyl-homoserine lactone (C4-L-HSL) are 
produced in a sequential manner via Las and 
Rhl systems, and activate the receptors LasR 
and RhIR, respectively (3, 4, 12). A third pathway, 
Pgs, leads to the synthesis of the Pseudomonas 
quinolone signaling molecule 2-heptyl-3-hydroxy- 
4-quinolone (PQS) and its precursor 4-hydroxy-2- 
heptylquinoline (HHQ), which signal via the 
receptor PqsR (3, 4, 12). Recently, the Iqs path- 
way was discovered; however, the mechanisms 
by which 2-(2-hydroxypheny])-thiazole-4- 
carbaldehyde (IQS) and its receptor are pro- 
duced are less well understood (J, 3). 

Using high-performance liquid chromatog- 
raphy (HPLC), we confirmed a sequential 
autoinducer abundance in the supernatants 
of PA14 (Fig. 1D). Considering the distinct 
expression profiles of the QS molecules 3-o- 
C12-L-HSL, C4-L-HSL, HHQ, and PQS, we de- 
termined their ability to modulate canonical 
AhR signaling. Stimulation of THP-1 and 
A549 AhR reporter cells with the different 
P. aeruginosa QS molecules resulted in differ- 
ential modulation of AhR signaling (Fig. 1E). 
3-0-C12-L-HSL and HHQ potently inhibited 
AhR activation by the known Pseudomonas 
AhR ligand 1-hydroxyphenazine (1-HP) (10) 
in a dose-dependent manner (Fig. 1, F and G). 
Several QS molecules have been reported to 
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induce apoptosis in host cells, depending on 
the concentration, cell type, and exposure time 
(13, 14). No major differences in cell viability 
were detected for the majority of the condi- 
tions tested here, as measured by lactate de- 
hydrogenase (LDH) release (fig. S2A). An 
exception occurred after 24 hours of stimula- 
tion of THP-1 cells with high concentrations 
of 3-0-C12-L-HSL (fig. S2A). These results are 
in agreement with previous studies showing 
that epithelial cells, such as A549, are more 
resistant to 3-0-C12-L-HSL-induced apoptosis 
than macrophages (13, 74). All experiments 
with THP-1 cells in the presence of 3-0-C12-L- 
HSL were performed at earlier time points, 
when no differences in cell viability were de- 
tected. Yet we decided to further exclude a 
possible relationship between apoptosis- 
related effects and AhR modulation in this cell 
type. As shown in fig. $2, B to E, no relation- 
ship was observed, and we decided to focus on 
A549 cells in following experiments. 
Previous studies showed that concentra- 
tions of QS molecules in P. aeruginosa, such as 
3-0-C12-L-HSL, can vary profoundly according 
to growth status, type of culture [planktonic 
cultures (1 to 5 uM) or biofilms (up to 600 uM)], 
and sample type (sputum or murine infection 
samples) (15-18). Notably, high concentrations 
of these molecules have been detected in bio- 
films of CF patients’ lungs, and thus in close 
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contact with the epithelium (78). Consequently, 
we decided to use 50 uM of the different QS 
molecules in subsequent studies. 

A hallmark of AhR activity is the transcrip- 
tional induction of genes that encode detox- 
ifying enzymes, such as CYP1A1 and CYP1BI1, 
and the AhR repressor (AhRR) (19). As pre- 
viously reported (10), stimulation of A549 cells 
with 1-HP induces mRNA expression of these 
genes (Fig. 1H and fig. S3A). Intriguingly, 3-o- 
C12-L-HSL and HHQ inhibited 1-HP-induced 
gene expression (Fig. 1F and fig. S3A). Because 
CYP1A1 is involved in tryptophan metabolism, 
alterations in its expression and activity can 
influence AhR activation (20, 27). We took ad- 
vantage of an established model using mouse 
liver cells (Hepa-Icic7), which express copious 
levels of CYP1A1 and are therefore best suited 
to detect its expression and enzymatic activity 
(22). Similar to other cell types, AhR activation 
in hepatocytes was induced by 1-HP, as mea- 
sured by increased luciferase activity in an 
AhbR reporter cell line, and led to an increase 
in CYP1A1 enzymatic activity, as measured by 
the ethoxyresorufin-O-deethylase (EROD) assay 
(Fig. 11 and fig. $3, B and C). Intriguingly, 3-o- 
C12-L-HSL, HHQ, and PQS inhibited 1-HP- 
induced AhR activation and CYP1A1 enzymatic 
activity in these cells, whereas C4-L-HSL did 
not (Fig. 1J and fig. $3, B and C). In sum, QS 
molecules, including HSLs, quinolones, and 
phenazines, modulated AhR activity in both a 
stimulatory and an inhibitory direction. 

QS molecules are not only expressed by 
P. aeruginosa; several other Gram-negative 
bacteria also produce HSLs, with subtle mod- 
ifications, mostly in the carbon side chain 
(3, 4) (table S1). Because the crystal structure 
of AhR has not yet been solved, it is challeng- 
ing to predict ligands that bind to AhR. Taking 
advantage of the AhR-modulatory properties 
of a vast number of HSLs and their tested 
analogs (fig. S4, A to C), we optimized an 
existing in silico model (J0) to interrogate 
whether and how these QS molecules from 
P. aeruginosa can be accommodated in the 
AhR-binding pocket (Fig. 2A). The ligands 
were divided by impact on agonistic or com- 
petitive behavior and sorted according to in- 
creasing molecular mechanics generalized 
Born surface area (MM-GBSA) binding ener- 
gies (AG®™). This revealed 3-0-C12-L-HSL 
as the strongest binder and C4-L-HSL as the 
weakest binder in this study (fig. S4D). In 
this model, all residues previously found to 
interact with the bona fide AhR ligand 2,3,7,8- 
tetrachlorodibenzodioxin (TCDD) by muta- 
genesis experiments (23, 24) are predicted 
to be involved in forming the binding pocket. 
The key residues, Thr?®’, His”, Phe?”, Ser®™, 
and Gln**?, form hydrogen bonds with most of 
the ligands investigated here (fig. S4, D and E). 
Furthermore, and in agreement with data re- 
trieved from ligand-selective modulation of 
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Fig. 3. AnR-dependent responses. (A) Western blot detection of AhR protein 
expression in A549 CRISPR scramble control and CRISPR AhR-KO cells. 

(B and C) Degradation of 3-o-C12-L-HSL measured in the supernatants of 
stimulated A549 CRISPR cells compared to control without cells. Expression 
of 3-0-C12-L-HSL was detected by bacterial PA14-R3 bioluminescence 
reporter assay (data pooled from n = 3 independent experiments) (B) or 
HPLC (data pooled from n = 3 independent experiments) (C). (D) Degradation 
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of HHQ measured and detected as in (C) (data pooled from n = 4 independent 
experiments). (E and F) Gene expression analysis of different cytokines 

and chemokines in A549 CRISPR cells upon 24 hours of stimulation with 

P. aeruginosa QS molecules. Data are pooled from 3-0-C12-L-HSL (n = 6), 
HHQ (n = 5), or 1-HP (n = 7) independent experiments. Data are means + SEM 
[(B), (C), (D), (F)]. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
[two-way ANOVA in (B), two-tailed Student t test in (F)]; n.s., not significant. 
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Fig. 4. AhR activation by P. aeruginosa QS molecules in zebrafish larvae. (A) Expression of 3-o0-C12-L- 


HSL and Pyo in supernatants of PA14 WT, collected at 


different growth phases in LB medium; 3-o-C12-L-HSL 


determined by PA14-R3 bioluminescence reporter assay and Pyo concentrations evaluated by spectro- 
photometry (data pooled from n = 9 independent experiments). (B to D) cypla expression in 2-dpf zebrafish 
larvae infected by immersion with PA14 WT [(B) and (D)] or exposed to bacterial supernatants for 5 hours (C) 
(data pooled from n = 7 independent experiments). In (B), zebrafish were infected with different bacterial 
loads collected from various phases of PA14 WT growth, according to the defined final ODgo9 in E3 medium 


(adjusted to early log-ODgoo = 0.2, mid log-OD¢o0 = 0.7, 


late log-OD¢00 = 1; data pooled from n = 3 independent 


experiments). In (D), zebrafish were infected with 1 x 10? CFU/ml, with PA14 WT collected from various phases 
of bacterial growth (data pooled from n = 7 independent experiments). (E) Gene expression analysis of cypla, 
ahrra, and ahrrb transcripts from zebrafish larvae (2 dpf) treated (red) or untreated (blue) for 2 hours with 

5 uM CH223191 (AhR inhibitor) followed by a further 4 hours of exposure to 5 uM 1-HP or DMSO vehicle control. 
One representative experiment of at least three independent experiments is shown. Triplicates of 12 larvae 
are depicted at each data point. (F) Cypla protein expression detected by Western blot analysis in 2-dpf 


zebrafish larvae treated for 24 hours with DMSO, 5 uM 


1-HP, 5 uM CH223191, or both 1-HP and CH223191. 


(G) Cypla enzymatic activity expressed as total intensity of resorufin (EROD assay) detected per 2-dpf larva 
treated (red) or not (blue) for 2 hours with 5 uM CH223191 followed by a further 4 hours of exposure to 5 uM 


1-HP or D 
experiment of at least three independent experiments 
preexposed to DMSO or 5 uM CH223191 for 2 hours, fol 


SO vehicle control (each dot represents one larva; data are median values). One representative 
is shown. (H and I) Microarray analysis of 2-dpf larvae 


owed by 4 hours of exposure to 5 uM 1-HP or DMSO, in 


the presence or absence of 5 uM CH223191. Data are pooled from n= 5 independent experiments. (H) Venn 


diagram depicting the differentially expressed genes; ( 
[(A) to (D)] or means + SD (E). *P < 0.05, **P < 0.01, 


AhR ligand binding, AhR complexes with 
bound competitors showed additional hydro- 
phobic interactions with Phe?®”, Leu°’, and 
Leu®” (fig. $4, D and E) (25). 1-HP is pre- 
dicted to contact Phe?** via interactions of 
the aromatic rings (fig. S4E). This residue is 
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) AhR gene enrichment curve. Data are means + SEM 
***P < 0.001, ****P < 0.0001 (one-way ANOVA). 


known to mediate agonist/antagonist switch- 
ing upon mutation (Phe®* > Ala/Leu) and 
converts agonists such as 3-methylcholanthrene 
(3-MC) or B-naphthoflavone (BNF) into antago- 
nists (25). Predictions were validated by ligand- 


binding studies (70) that confirmed the binding 
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of 3-0-C12-L-HSL and HHQ, with dissociation 
constant (Kq) values of 4.67 uM and 3.77 uM, 
respectively (Fig. 2B and fig. S4F). In addi- 
tion, we developed a complementary method 
to detect AhR binding of different ligands, 
including TCDD (26), using purified AhR and 
aryl hydrocarbon receptor nuclear translocator 
(ARNT) proteins in a microscale thermopho- 
resis (MST) assay (fig. S4G). This approach also 
demonstrated AhR binding to QS molecules 
including 3-0-C12-L-HSL, PQS, and 1-HP, but 
not to C4-L-HSL (Fig. 2C). (HHQ binding could 
not be analyzed by MST because of its intrinsic 
fluorescence properties, which interfere with 
the assay.) Together, these findings show that 
various QS molecules other than phenazines 
bind to AhR and modulate its activity; hence, 
this pathway is appropriate as a potential 
target for sensing bacterial infection dynam- 
ics in the host. 

AhR QS ligand interactions were further 
defined using an A549 AhR CRISPR knock- 
out (KO) cell line (Fig. 3A and fig. S5A). In- 
duction of AhR-dependent genes was detected 
upon 1-HP stimulation of CRISPR scramble 
control, and was absent in the AhR-KO cells 
(fig. S5B). In contrast, and as previously shown 
in wild-type A549 cells, 3-0-C12-L-HSL and 
HHQ caused AhR inhibition (fig. S5, B and C). 
Major functions of AhR include xenobiotic 
metabolism, toxin degradation, and excretion 
(26). Previously, we demonstrated that AhR 
mediates the degradation of bacterial mole- 
cules such as P. aeruginosa phenazines and 
Mycobacterium tuberculosis naphthoquinone 
phthiocol (70). Using an established P. aeruginosa 
3-0-C12-L-HSL luminescence reporter strain 
(PA14-R3) (27) to detect 3-0-C12-L-HSL levels 
(fig. S5D), we evaluated its degradation pro- 
file upon exposure to AhR-proficient and AhR- 
deficient cells (fig. S5E). Bioluminescence 
emitted by the bacterial reporter cells decreased 
in a time-dependent manner, indicating re- 
duced abundance of 3-0-C12-L-HSL (Fig. 3B). 
In contrast, no differences were detected be- 
tween scramble control and AhR-KO cells 
(Fig. 3B). These results were confirmed by 
HPLC (Fig. 3C). A similar approach was used 
to determine the metabolism of HHQ (fig. S5E), 
using the PAO! pgsA CTX-lux::pgsA reporter 
strain (fig. SSF) (28) and HPLC. Surprisingly, no 
degradation of HHQ was observed with any 
of the methods when exposing cells to 50 uM 
HHQ (fig. S5, G and H). However, when cells 
were exposed to a lower concentration of HHQ 
(0.5 uM), diminished levels of HHQ were de- 
tected at late time points, although no differ- 
ences between AhR-proficient and AhR-deficient 
cells were observed (Fig. 3D). 

Together, under the conditions tested, our 
results argue against an involvement of AhR 
in the degradation of P. aeruginosa 3-0-C12- 
L-HSL or HHQ, In addition to its role in xeno- 
biotic metabolism, AhR participates in the 
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cyp1a mRNA fold induction 
(normalized to DMSO control) 


cypta mRNA fold induction 
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Fig. 5. AhR modulation by P. aeruginosa QS molecules in zebrafish larvae. 
(A and B) cypla gene expression (A) and Cypla enzymatic activity (B) upon 

4 hours of exposure of 2-dpf larvae to diverse P. aeruginosa QS molecules or 
TCDD. One representative experiment of at least three independent experiments 
is shown. In (A), triplicates of 12 larvae are depicted at each data point. In (B), 
each dot represents one larva; data are median values. (C) Expression of 
3-0-C12-L-HSL (determined by PA14-R3 bioluminescence reporter assay) and 
Pyo (evaluated by spectrophotometry) in the supernatants of different PA14 


regulation of different immune mediators 
(10, 19, 26, 29). Accordingly, we evaluated 
whether AhR regulates cytokine and che- 
mokine expression upon exposure to differ- 
ent QS molecules. Different bacterial ligands 
induced different gene expression patterns 
(Fig. 3, E and F). It was previously reported 
that infection with P. aeruginosa, or exposure 
to 3-0-C12-L-HSL, leads to JZ-6 and IL-8 ex- 
pression (30, 37). Consistently, among the genes 
induced by 3-0-C12-L-HSL, JZ-6 and IL-8 were 
highly induced in the AhR-KO cells as com- 
pared to scramble control. Elevated induction 
of IL-8 was also observed upon exposure of 
AhR-KO cells to HHQ, whereas 1-HP stimu- 
lation led to reduced induction. A similar 
profile was observed for CXCL1, CXCL2, and 
CXCL3 (Fig. 3, E and F). These results em- 
phasize differential AhR modulation of host 
responses, where sensing the different levels 
of QS molecules expressed along the infection 
process can differentially regulate the compo- 
sition of multiple cytokines and chemokines. 
Thus, sensing of QS molecules by AhR shapes 
immunity to infection. 
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AhR senses bacterial QS molecules in vivo 

As mentioned above, AhR is conserved among 
different species (including human, mouse, 
and zebrafish) and few amino acid positions 
differ in the ligand-binding site of AhR pro- 
teins (fig. S6A). However, subtle amino acid 
differences have been reported to affect bind- 
ing to specific ligands (26). For example, the 
human Val**!, corresponding to Ala in mouse 
and zebrafish, is implicated in species-related 
differences regarding binding affinity to 
TCDD; specifically, mouse AhR has higher 
binding affinity to TCDD than does human 
AhR (26, 32). Consistently, using our in silico 
modeling, higher TCDD binding affinities 
of mouse and zebrafish AhR were detected 
relative to human AhR (fig. S6B). A similar 
approach was chosen for the P. aeruginosa 
QS molecules, and MM-GBSA AG®™4 values 
were calculated starting from the same ligand 
docking pose as obtained for the human AhR 
(fig. S6C). Strikingly, no species-specific differ- 
ences were predicted to occur, further point- 
ing to a conserved mechanism of sensing 
of P. aeruginosa infection. 
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strains collected at mid-log growth phase; pooled data from n = 6 independent 
experiments. (D and E) Infection of 2-dpf zebrafish larvae by immersion for 5 
hours with 1 x 10? CFU/ml of different P. aeruginosa strains collected at mid-log 
growth phase. (D) cypla gene expression; triplicates of 12 larvae are depicted at 
each data point. (E) Cypla enzymatic activity. Each dot represents one larva; data 
are median values. Data are from one representative experiment of at least three 
independent experiments. Data are means + SD [(A) and (D)] or means + SEM (C). 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA). 


The zebrafish (Danio rerio) has become 
a powerful model in developmental biology 
and genetics, and more recently in toxicology 
and immunology (33-36). The AhR pathway 
is conserved in zebrafish and has also been 
shown to be involved in xenobiotic metabo- 
lism (36). As a result of genome-wide duplica- 
tion events, teleosts express various co-orthologs 
of mammalian genes, although not all are func- 
tional. Zebrafish express three AhR isoforms 
(ahria, ahrib, and ahr2), and AhR2 is the pri- 
mary isoform for recognition of toxic ligands 
such as TCDD (36). Upon ligand activation, 
AhR2 drives the expression of hallmark genes 
such as cypla, ahrra, and ahrrb (36). 

It was previously reported that static im- 
mersion of zebrafish larvae in a bacterial sus- 
pension, including P. aeruginosa, increases 
cypia expression (37, 38). Similar results were 
obtained from microarray analysis of larvae 
at 2 days post-fertilization (2 dpf) infected 
with PA14 WT for 5 or 24 hours (fig. S7A and 
tables S2 and S3). Moreover, in addition to 
cyp1a, increased expression of additional AhR- 
related genes such as ahrra and cypIcI was 
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Fig. 6. AnR-mediated responses upon P. aeruginosa infection in mice. (A) Bacterial clearance in the 
lungs of WT and AhR-knockout (AhR~’~) mice after 8 hours of infection with P. aeruginosa PA14 09480 

(2 x 10° CFU administered per mouse). Bacterial growth phases: early log, ODgoo < 0.3; mid-log, 0.5 < ODgo0 

< 0.8; late log, ODgoq > 1. Each dot represents one mouse (data pooled from n = 2 independent experiments; median 
values are shown). (B to D) Infection of WT and AhR’” mice for 8 hours with PA14 WT or PA14 ArsaL strains 
(data pooled from n = 2 independent experiments). (B) Gene expression analysis of different cytokines and 
chemokines in the lungs of infected mice, compared to the respective noninfected mouse strain (WT, n = 8 mice; 
AhR-, n = 6 mice). Data are means + SEM. (C) Cytokine and chemokine median protein levels in lung 
homogenates after infection. Each dot represents one mouse (data pooled from n = 2 independent experiments). 
(D) Neutrophil numbers (medians) in the lungs of infected and non-infected mice. Each dot represents one mouse 
(data pooled from n = 2 independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 [Mann- 
Whitney U test in (A) and (D); two-tailed Student t test in (B); two-way ANOVA in (C)]. 


observed (36). Therefore, we evaluated wheth- 
er we could recapitulate our in vitro findings 
using this in vivo model organism. Here, 
5 hours of exposure of 2-dpf larvae to PA14 
WT collected from different phases of bacte- 
rial growth with distinct expression patterns 
of QS molecules (e.g., 3-0-C12-L-HSL and Pyo; 
Fig. 4A) resulted in distinct AhR activation, as 
measured by cypla mRNA expression (Fig. 4B). 
To mimic the course of infection, we collected 
bacteria from different growth phases, and 
washed and further resuspended them in 
E3 medium to a final optical density (OD) 
similar to the point of collection (i.e., early log, 
ODg600 = 0.2; mid-log, ODgg9 = 0.7; late log, 
ODg¢oo0 = 1). Exposure of larvae to these bac- 
terial suspensions led to increasing cypla 
expression along the growth phase (Fig. 4B). 
Still, this could be the result of higher expres- 
sion of QS molecules and/or increasing bac- 
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terial density. To exclude the latter option, we 
exposed zebrafish larvae to bacterial super- 
natants after filtration and dilution in E3 
medium (1:25 ratio) or to similar bacterial 
numbers collected from the different growth 
stages. Exposure of 2-dpf larvae to filtered 
supernatants or to infection by immersion 
resulted in elevated cypia expression toward 
late stages of bacterial growth (Fig. 4, C and 
D). These results are in agreement with our 
in vitro findings (Fig. 1, B and C, and fig. S1, A 
and E), thereby confirming that P. aeruginosa 
molecules expressed during diverse growth 
phases modulate AhR differentially. 

Next, we verified in the zebrafish model our 
in vitro findings that P. aeruginosa expresses 
QS molecules that either activate or inhibit the 
canonical AhR pathway. We previously dem- 
onstrated that P. aeruginosa phenazines (e.g., 
1-HP) activate the AhR pathway in human and 
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mouse (J0). Here, exposure of 2-dpf zebrafish 
larvae to TCDD induced the expression of AhR- 
dependent genes (36) (fig. S7B). AhR depen- 
dency was confirmed by reduced gene expression 
in the presence of the AhR inhibitor CH223191 
(39) (fig. S7, B and C). Similarly, we observed AhR 
modulation upon exposure to the P. aeruginosa 
phenazine 1-HP at the transcriptional level (Fig. 
4E) and Cypla protein expression in response to 
1-HP (Fig. 4F). To determine whether increased 
Cypla expression translates into enhanced en- 
zymatic activity, we measured its activity in vivo 
in a semi-high-throughput assay (fig. $7, D and 
E). An increment in fluorescence, as readout 
of increased Cypla enzymatic activity, was de- 
tected upon exposure to 1-HP or TCDD and 
was inhibited by CH223191 (Fig. 4G and fig. 
87, E and F). AhR was the major sensor of 
P. aeruginosa phenazines in vivo, because 
microarray analysis of larvae exposed to 1-HP 
in the presence or absence of the AhR in- 
hibitor revealed that AhR-dependent genes 
(36) were among the top 10 1-HP-induced 
genes and that their induction was reverted 
by the CH223191 inhibitor (Fig. 4, H and I, 
fig. S7G, and table S4). Not all of the differen- 
tially 1-HP-induced genes had been previously 
shown to be transcriptionally regulated by AhR 
in zebrafish. Therefore, we performed an in 
silico analysis to identify xenobiotic responsive 
elements (XREs) in their promotor regions 
(40). We identified putative XREs in the pro- 
moter regions of all evaluated genes (fig. S7H). 
Given that our in vitro studies demonstrated 
that P. aeruginosa also expresses QS molecules 
that inhibit the AhR pathway, we exposed 
larvae in vivo to 3-0-C12-L-HSL or HHQ in the 
presence or absence of 1-HP. Simultaneous 
exposure to 3-0-C12-L-HSL or HHQ together 
with 1-HP reduced induction of AhR-related 
genes by 1-HP (Fig. 5A and fig. S8, A to D). More- 
over, Cypla enzymatic activity was dimin- 
ished when zebrafish larvae were co-exposed 
to 3-0-C12-L-HSL, HHQ, and PQS together 
with 1-HP, whereas C4-L-HSL did not affect 
1-HP-induced activation (Fig. 5B and fig. S8B). 
Remarkably, 3-0-C12-L-HSL and HHQ even 
inhibited AhR activation by TCDD (Fig. 5, A 
and B, and fig. S8, A and B). Microarray analysis 
further confirmed that 3-0-C12-L-HSL inhibited 
AhR activation by 1-HP (table S5). None of the 
ligands induced toxicity in zebrafish larvae 
under the conditions tested (fig. S8E). Overall, 
our results demonstrate that zebrafish AhR rec- 
ognizes diverse P. aeruginosa QS molecules. 
Taking advantage of P. aeruginosa mutants 
producing dissimilar levels of distinct QS mol- 
ecules, we tested whether AhR is differentially 
modulated in vivo in response to bacteria ex- 
pressing different QS molecules. We used 
the mutant PA14 ArsaL and PA14 09480 
P. aeruginosa strains, which overproduce 
3-0-C12-L-HSL (27, 41) or phenazines (J0), re- 
spectively. No differences in bacterial growth 
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or in the sequential expression of QS mole- 
cules were observed among these strains (fig. 
S9, A and B), whereas the levels of 3-0-C12-L- 
HSL and phenazines differed as previously 
documented (fig. S9C). Consistent with earlier 
studies (41), Pyo levels were also elevated in 
the PA14 ArsaL relative to PA14 WT (fig. S9C). 
Therefore, we focused on bacteria collected 
from one distinct growth phase (mid-log phase) 
with consistent differences in the levels of 3-o- 
C12-L-HSL and Pyo (Fig. 5C). Static immersion 
of larvae to similar bacterial numbers [1 x 
10° colony-forming units (CFU)/ml; fig. SIOA] 
led to distinct Cypla expression and activity 
(Fig. 5, D and E), apparently related to the 
proportions of the AhR activators and inhib- 
itors (Fig. 5C and fig. S10B). Relative to PA14 
WT, higher expression of phenazines (PA14 
09480) increased Cypla activity, whereas higher 
expression of 3-0-C12-L-HSL (PA14 A7saL) de- 
creased Cypla activity (Fig. 5E). We conclude 
that AhR recognition of these molecules, whose 
expressions are tightly regulated in P. aeruginosa, 
allows for quantitative sensing of the course 
of infection. 

Recognition of phenazines by AhR is im- 
portant for clearance of P. aeruginosa (10). 
Infection of wild-type and AhR™ mice with a 
Pyo-overexpressing strain (PA14 09480) (J0) 
(figs. S9C and S11A) confirmed the importance 
of AhR in bacterial clearance in responses to 
these molecules (Fig. 6A). Intriguingly, in- 
fection with bacteria from earlier stages of 
growth, not expressing phenazines (fig. S11A), 
had detrimental consequences mediated by 
AhbR (Fig. 6A). These results further illustrate 
that distinct P. aeruginosa molecules expressed 
at different growth stages modulate AhR sig- 
naling differentially. To evaluate the impact of 
AhR sensing of QS molecules expressed at early 
stages, focusing on the AhR inhibitor 3-0-C12- 
L-HSL identified here, we infected mice with 
the P. aeruginosa strain (PA14 ArsaL). We foc- 
used on bacteria from mid-log growth phase 
to exclude differences in lung CFUs between 
the two mouse strains (WT and ARR! ~) after 
8 hours of infection (fig. S11, B and C). Dif- 
ferential expression of various cytokines and 
chemokines depended not only on the mouse 
strain, but also on the P. aeruginosa strain 
(Fig. 6, B and C, and fig. S11D). These in vivo 
results are consistent with our in vitro experi- 
ments (Fig. 3, E and F), where AhR differentially 
regulated the expression of distinct cytokines 
and chemokines, depending on the presence 
of distinct QS molecules. Previously we reported 
a critical role of AhR in the recruitment of 
neutrophils to the lungs of P. aeruginosa- 
infected mice (J0). Likewise, lower numbers 
of neutrophils were detected in the lungs of 
AhR’ mice upon infection with PA14 WT 
(Fig. 6D). Strikingly, these differences were 
lost when infecting mice with PA14 ArsaL, 
where we observed comparable numbers of 
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neutrophils in the lungs of wild-type and ARRT 
mice (Fig. 6D). 

In sum, these results reveal differential mod- 
ulation of AhR during the course of infection, 
depending on the relative abundances of dis- 
tinct QS molecules. Taken together, our data 
show that AhR not only detects P. aeruginosa 
QS molecules in a qualitative way, but also 
quantifies their relative levels. This quantita- 
tive assessment endows the host with the ca- 
pacity to sense bacterial community densities, 
and consequently infection dynamics. Thus, 
our findings emphasize a crucial role of AhR 
as master regulator of host defense responses, 
capable of tuning immunity according to the 
stage of infection and disease and hence to 
their threat to the host. 


Discussion 


Recently we showed that AhR, by binding 
bacterial pigmented virulence factors such as 
P. aeruginosa phenazines, regulates host resist- 
ance to infection (J0). Our present findings 
show that in addition to phenazines, AhR 
recognizes QS molecules comprising differ- 
ent chemical entities including homoserine 
lactones and quinolones. In contrast to phen- 
azines, the QS cognates 3-0-C12-L-HSL and 
HHQ inhibit the canonical AhR signaling by 
competing and antagonizing the effects of 
known AhR activators, such as P. aeruginosa 
1-HP (J0) or the bona fide AhR ligand TCDD 
(9, 42). Strikingly, AhR sensing of QS mol- 
ecules is not restricted to a particular cell type 
or a specific in vitro model: (i) Mammalian 
macrophages, hepatocytes, and epithelial 
cells responded in a similar fashion, and in 
all cases subtle alterations in the ratios of 
bacterial ligands influenced the outcome of 
AhR activation and its downstream responses, 
such as cytokine and chemokine expression. 
(ii) These results are reciprocated in vivo using 
zebrafish, where exposure of larvae to differ- 
ent concentrations of P. aeruginosa QS mole- 
cules modulated AhR activation and elicited 
downstream responses. (iii) Exposure of zebra- 
fish larvae to different P. aeruginosa mutants 
producing distinct QS molecules at different 
abundances at a given point of infection re- 
sulted in a specific AhR activation profile. (iv) 
Complementing these findings, an experimen- 
tal mouse infection model with P. aeruginosa 
strains expressing variable levels of QS mole- 
cules revealed that AhR regulates bacterial 
elimination upon sensing bacterial quorum. 
In sum, AhR resembles a “processing hub” 
that integrates the information linked to the 
abundance of different QS molecules, both 
activators and inhibitors, thereby mobilizing 
the most appropriate host defense mecha- 
nisms at a given stage of infection. 

QS is used by certain bacteria to coordinate 
their gene expression in response to changes 
in their population density or their stage of 
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infection (/, 3, 4). Accordingly, direct correla- 
tion between different QS molecules and se- 
verity of infection has been observed (7). In 
P. aeruginosa, QS regulates different virulence 
and adaptation mechanisms and is there- 
fore crucial for coordinated colonization of 
a new environment (J, 3, 4, 12). Differences 
in P. aeruginosa virulence and transition from 
acute to chronic infection have been linked to 
altered expression of QS molecules and their 
regulated genes (J, 6, 8). For instance, the 
expression of phenazines plays a critical role 
in biofilm formation and development (7, 43), 
and P. aeruginosa QS mutants producing 
thinner and less developed biofilms, are 
more sensitive to antibiotics and eradication 
C, 5, 44). Furthermore, high concentrations 
of P. aeruginosa phenazines are detected in 
the sputum of CF patients, who are severely 
affected by this pathogen (2, 7). Therefore, 
depending on its metabolic state, mirrored 
by a distinct composition of QS molecules, 
the bacteria may pose different threats to the 
host, and the host needs to adapt its response 
accordingly. Interestingly, inter- and intra- 
P. aeruginosa species differences in virulence 
and expression of secreted molecules have 
been reported to occur, not only among clinical 
isolates but also among laboratory strains (e.g., 
between PAO sublines or between PA14 and 
PAO1). For example, expression levels of Pyo, 
rhamnolipids, PQS, exopolysaccharides, and 
elastase have been reported to differ between 
PA14 and PAO1 or among diverse PAO1 sub- 
lines (45-48). It is tempting to speculate that 
as a result of its capacity to detect different 
levels of P. aeruginosa QS molecules, includ- 
ing Pyo or PQS, AhR is also well suited to detect 
strain-related differences during the course of 
infection, and consequently regulate host re- 
sponses accordingly. However, further studies 
are needed to evaluate this hypothesis. 
Interactions of P. aeruginosa QS molecules 
with different host receptors and signaling 
pathways have been reported (9). For example, 
3-0-C12-L-HSL has been found to be sensed by 
the Ras GTPase-activating-like protein IQGAP1 
or the peroxisome proliferator-activated re- 
ceptors (PPAR B/5/y) (9, 49, 50). Additionally, 
P. aeruginosa HSLs (e.g., 3-0-C12-L-HSL) and 
quinolones (HHQ and PQS) modulate differ- 
ent host signaling pathways involving NF-«B 
or PPAR (9, 50-52). Curiously, interactions 
between AhR and the indicated signaling 
pathways (e.g., NF-kB and PPAR) have been 
described (79), but their interplay and elicited 
responses upon P. aeruginosa infection re- 
main unknown and should be the focus of 
future studies. Nonetheless, the capacity of 
AhR to bind and recognize three distinct 
types of QS molecules (HSLs, quinolones, 
and phenazines), as well as its capacity to 
monitor and integrate their relative expres- 
sion levels, supports the identification of this 
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receptor as a major host sensor of bacterial 
quorum and infection dynamics. It is tempt- 
ing to speculate that host AhR and bacterial 
QS systems can actively spy on each other by 
recognizing similar molecules, even beyond 
the QS molecules described here. Recently, 
Ismail et al. (53) described how host epithelia 
can produce QS-like molecules, including an 
autoinducer-2 mimic, enabling it to interfere 
with bacterial QS circuits. However, the host 
AhR can sense P. aeruginosa QS molecules 
and has vast ligand-binding properties, so we 
cannot exclude the possibility that it senses 
and modulates the expression of different host 
molecules (such as host QS-like molecules) 
that may be involved in this host-bacteria 
interkingdom cross-talk during infection 
(Fig. 1A, gray arrows). 


Given that AhR acts as a host sensor that 


monitors different QS molecules and their 
expression profiles along the course of infec- 
tion and disease, the host can tune immune 
defense according to the stage and density of 
the bacterial community and the threat of 
infection. This mechanism would be particu- 
larly apt for nosocomial pathogens, which 
can be tolerated by the immunocompetent 
host at low density but become harmful once 
a threshold of tolerability has been exceeded. 
In this way, cost of energy for defense would 
be focused on the harmful trait only, with 
the harmless trait being ignored. Because 
P. aeruginosa is an opportunistic pathogen, 
defense mobilization is avoided at low bacte- 
rial densities, which can be tolerated, and it 
kicks in only with increasing population den- 
sities, which can harm the host. We propose 
that by spying on interbacterial communica- 
tion, AhR is capable of sensing the status quo 
of the P. aeruginosa community during infec- 
tion, allowing the host to mobilize the most 
appropriate defense mechanism according to 
the severity of threat. 
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Adaptive mutability of colorectal cancers in response 


to targeted therapies 
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The emergence of drug resistance limits the efficacy of targeted therapies in human tumors. The 
prevalent view is that resistance is a fait accompli: when treatment is initiated, cancers already contain 
drug-resistant mutant cells. Bacteria exposed to antibiotics transiently increase their mutation rates 
(adaptive mutability), thus improving the likelihood of survival. We investigated whether human 
colorectal cancer (CRC) cells likewise exploit adaptive mutability to evade therapeutic pressure. We 
found that epidermal growth factor receptor (EGFR)/BRAF inhibition down-regulates mismatch repair 
(MMR) and homologous recombination DNA-repair genes and concomitantly up-regulates error-prone 
polymerases in drug-tolerant (persister) cells. MMR proteins were also down-regulated in patient-derived 
xenografts and tumor specimens during therapy. EGFR/BRAF inhibition induced DNA damage, increased 
mutability, and triggered microsatellite instability. Thus, like unicellular organisms, tumor cells 


evade therapeutic pressures by enhancing mutability. 


ore than 75 years ago, Luria and 

Delbriick demonstrated that bacte- 

rial resistance to phage viruses was 

due to random mutations that spon- 

taneously occurred in the absence of 
selection (1). Resistance to targeted thera- 
pies in human tumors is also widely thought 
to be due to mutations that exist before treat- 
ment (2). The conventional view is that re- 
lapses occur because drug-resistant mutant 
subclones are present in any detectable meta- 
static lesion before the initiation of therapy. 
According to this view, resistance is a fait 
accompli, and the time to recurrence is merely 
the interval required for preexisting drug- 
resistant (mutant) cells to repopulate the 
lesion (3). 

Here, we explore the hypothesis that resist- 
ance to targeted therapies can also be fostered 
by a transient increase in genomic instability 
during treatment, leading to de novo muta- 
genesis. A similar process has been shown to 
increase the emergence of microbial strains 
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resistant to antibiotics (4, 5). In a stable mi- 
croenvironment, the mutation rate of micro- 
organisms is usually low, which precludes the 
accumulation of deleterious mutations. How- 
ever, several mechanisms of stress-induced 
genetic instability and increased mutabil- 
ity, known as stress-induced mutagenesis 
(SIM), have been described in bacteria and 
yeast (6-12). 

Bacterial persister cells can survive lethal 
stress conditions imposed by antibiotics 
through a reduction in growth rate. A sub- 
sequent reduction in the efficiency of DNA 
mismatch repair (MMR) (4, 9, 13) and a shift 
to error-prone DNA polymerases increases 
the rate at which adaptive mutations occur 
in the surviving population (4, 9, 14, 15). Se- 
lection then allows the growth of mutant 
subpopulations capable of replicating under 
stressful conditions. Once the stressed pop- 
ulation has adapted to the new conditions, 
the hypermutator status is counterselected 
to avoid the accumulation of deleterious mu- 
tations and to prevent the continuous in- 
crease of mutational load (9, 16-20). Together, 
these processes boost genetic diversity, foster 
adaptability to new microenvironments, and 
contribute to the development of resistance 
(9, 12, 18, 19). 

In the setting of cancer, the emergence of 
a drug-tolerant persister population is often 
observed when oncogene-dependent tumor 
cells are challenged with targeted agents (27). 
Persister cancer cells survive exposure to tar- 
geted therapies through poorly understood 
mechanisms (27) and represent a reservoir 
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from which genetically divergent, drug-resistant 
derivatives eventually emerge (22, 23). Recent 
work showed that drug-resistant mutant can- 
cer cells can originate not only from rare, 
preexisting mutant clones, but also from drug- 
tolerant subpopulations (24). The probability 
that the latter resistance mechanism occurs 
would be greatly increased if the genetic di- 
versity of tumor cells were enhanced during 
treatment. Accordingly, we hypothesized that 
during the persister state, tumor cells, like 
unicellular organisms, alter DNA-repair and 
DNA-replication mechanisms to enhance 
adaptive mutability. 


Targeted therapy—induced down-regulation of 
MMR and HR proficiency of CRC cells 


To test our hypothesis, we studied the re- 
sponse of microsatellite-stable (MSS) human 
colorectal cancer (CRC) cell lines to the anti- 
EGFR (epidermal growth factor receptor) anti- 
body cetuximab, which is approved, together 
with panitumumab, for the treatment of pa- 
tients with metastatic CRC whose tumors lack 
RAS and BRAF mutations (25), or with the 
BRAF inhibitor dabrafenib (DAB) as combina- 
torial treatment, which has shown promising 
activity in patients with CRC harboring BRAF 
mutations (26). We selected human CRC cell 
lines that are RAS and BRAF wild-type and 
sensitive to EGFR blockade (DiFi cells, fig. SIA) 
or that carry the oncogenic BRAF p.V600E mu- 
tation and are sensitive to concomitant EGFR 
and BRAF inhibition (WiDr cells, fig. S1A). 
Treatment with targeted agents led to G, cell- 
cycle arrest (fig. S1B). However, a small num- 
ber of drug-tolerant persister cells survived 
several weeks after treatment initiation (fig. 
S1, C and D). Indeed, when drug pressure was 
removed, these cells rapidly resumed growth 
and again showed sensitivity to targeted ther- 
apy, thus demonstrating that persisters are 
only transiently and reversibly resistant to 
the treatment (fig. S1, E and F). By contrast, 
prolonged treatment led to the generation of 
permanently resistant cells, which did not 
reacquire sensitivity after the removal of drug 
pressure (fig. S1, E and F). 

We next assessed whether CRC cells modu- 
late the expression of DNA-repair genes upon 
drug treatment. Transcriptional profiles re- 
vealed decreased expression of the MMR genes 
MLH1, MSH2, and MSH6, as well as of ho- 
mologous recombination (HR) effectors such 
as BRCA2 and RAD5I (Fig. 1A and fig. S1, G 
and H). Expression of EXOIJ, a gene coding for 
an exonuclease that participates in mismatch 
and double-strand break (DSB) repair, was also 
affected (Fig. 1A and fig. S1, G and H). A time- 
dependent down-regulation of MMR and HR 
proteins was also observed (Fig. 1B and fig. S2, 
Aand B). Comparable results were obtained 
in another cetuximab-sensitive human CRC 
cell line, NCIH508 (fig. $3, A to C), and in 
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BRAF-mutant HT29 cells that were derived 
from the same patient from whom the WiDr 
cell line originated (fig. S3, D and E). Further- 
more, we confirmed that down-regulation or 
loss of DNA-repair components is maintained 
in persister cells (fig. S4, A to D). Therapy- 
induced modulation of DNA-repair gene ex- 
pression was transient and expression levels 
returned to normal upon removal of treatment 
(fig. S5A). Cancer cells that had previously 
developed permanent resistance to targeted 
agents did not modulate the expression of 
DNA-repair genes in response to drugs (fig. 
S5, B and C). 

To ascertain whether targeted therapies 
affect DNA-repair competence in CRC cells, 
we used fluorescence-based multiplex host- 
cell reactivation (FM-HCR) assays (27). CRC 
cells were transfected with a G:G mismatch- 
containing plasmid to determine the impact 
of drug treatment on MMR capacity. An 
MMER-deficient (MMRd) human CRC cell 
line (LIM1215) was used as a positive control 
for MMR loss. We found that in CRC cells 
treated with targeted agents, MMR proficiency 
(MMRp) was significantly reduced (Fig. 1C and 
fig. S6A). 

We next evaluated cellular HR capability by 
using the two-step, plasmid-based pDRGFP/ 
pCBASce-I assay (28). Upon stable expres- 
sion of the pDRGFP plasmid, we measured 
the generation of a green fluorescent sig- 
nal upon DSBs induced by Sce-I expression. 
This assay showed that both DiFi and WiDr 
cells had a marked reduction in HR profi- 
ciency upon treatment with targeted thera- 
pies (Fig. 1D and fig. S6B). 


MMR proteins are down-regulated in samples of 
CRC residual disease after targeted treatment 


To determine whether the cell-based findings 
extend to patient-derived tumor samples, we 
exploited our CRC biobank of molecularly and 
therapeutically annotated patient-derived xe- 
nograft (PDX) models (29, 30). We selected 
six MSS PDX models with wild-type KRAS, 
NRAS, and BRAF in which EGFR inhibition by 
cetuximab led to tumor regression to a var- 
iable extent, paralleling the clinical scenario 
(Fig. 2A). Immunohistochemistry analysis un- 
veiled areas with down-regulation of MLH1 
and/or MSH2 in all neoplastic samples ob- 
tained when tumors were at the point of maxi- 
mum response to cetuximab but still contained 
residual persisters (Fig. 2, B and C, and fig. 
87, A to D), as compared with placebo-treated 
controls. 

We next investigated whether down-regulation 
of DNA-repair proteins also occurs in clinical 
specimens from two CRC patients who achieved 
an objective partial response upon treatment 
with FOLFOX (folinic acid, 5-fluorouracil, and 
oxaliplatin) plus panitumumab. In both in- 
stances, tumor specimens were longitudinally 
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collected at diagnosis and at maximal ther- 
apeutic response, when a limited number of 
tumor cells persist despite treatment. MLH1 
and MSH2 were down-regulated in tumor 
samples obtained at response compared with 
pretreatment specimens, confirming the clin- 
ical relevance of our findings (Fig. 2D). 
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Induction of DNA damage and error-prone 
DNA polymerases in CRC cells treated with 
targeted therapies 

In addition to reduced DNA-repair ability, 
we found that targeted therapies triggered 
a switch from high-fidelity to low-fidelity 
DNA polymerases. DNA polymerases usually 
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Fig. 1. CRC cells modulate DNA-repair effectors in response to targeted agents. (A) CRC cells were 
treated with cetuximab alone (DiFi) or in combination with the BRAF inhibitor DAB (WiDr) for 96 hours and 
RNA-sequencing analysis was performed. MMR (yellow), HR (green), and DNA polymerase (blue) genes 
are reported. Results represent means of two independent experiments. (B) CRC cells were treated 

and analyzed at the indicated time points by Western blot. CTX, cetuximab; pERK, phosphorylated 
extracellular signal-regulated kinase. (€) CRC cells were transfected with G:C undamaged (UNDAMAG) 


20 December 2019 


plasmid or with G:G mismatch-damaged (DAMAG) plasmid. Where indicated (DRUG), cells were treated with 
targeted therapies for 50-60 hours and analyzed by flow cytometry. A mock transfection was used as a 
control. Quantification of MMR capacity of each cell line relative to control is reported in the bar graph. 
LIM1215, MMR-deficient CRC cells, were used as a positive control for MMR loss. Results represent means of 
two independent experiments. *p < 0.05 (Student's t test). (D) pDRGFP-stably expressing CRC cells were 
transfected with the pCBASce-I plasmid and then either left in the absence of drug or treated with targeted 
therapies for 50-60 hours and analyzed by flow cytometry. A mock transfection was used as a control. 
Quantification of HR capacity of each cell line relative to mock is reported in the bar graph. Results represent 
means + SD (n = 3). **p < 0.01 (Student's t test). 
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involved in accurate DNA replication, such 
as POLd and POLe, were down-regulated, 
whereas DNA polymerases characterized by 
poor accuracy, low processivity, and absence 
of proofreading capacity (i.e., error-prone 
polymerases) were induced (Fig. 1A and fig. 


S4A). These included Poli, Polk, and Revl 
(which belong to the Y family of polymerases, 
orthologous to the bacterial stress-induced 
polymerases Pol IV and Pol V), as well as 
Pol and Polu (37) (Fig. 1, A and B, and figs. 
S1, G and H; S2B; S3, B to C and E; and S4, 
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Fig. 2. MMR down-regulation in CRC PDXs and 


patients treated with targeted therapies. (A) Extent 


of tumor regression in PDX models after treatment 


with cetuximab (20 mg/kg twice weekly) for 6 weeks. 


Each bar is the average of tumor volumes from 

six mice. (B) Growth-curve kinetics in two out of 
six PDXs. Shown are mean tumor volumes + SEM 
(n = 6). Gray arrows indicate treatment initiation. 


(C) Immunohistochemical staining with anti-MLH1 and 


anti-MSH2 antibodies of histologic tumor sections 


derived from indicated PDXs treated with cetuximab for 


6 weeks. Tumor section derived from the placebo 
arm was used as a control. Scale bar, 0.1 mm. 
Magnifications are 40x (scale bar, 0.05 mm). 

(D) Immunohistochemical staining with anti-MLH1 
and anti-MSH2 antibodies of tumor sections derived 
from two CRC patients treated with FOLFOX + the 


anti-EGFR monoclonal antibody panitumumab. Tumor 


sections were derived from the primary lesion at 
diagnosis (pretreatment) and at the time of partial 
response (PR) when the lesions shrank. Scale bar, 


0.1 mm. Magnifications are 40x (scale bar, 0.05 mm). 
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A and D). Error-prone polymerases replace 
canonical high-fidelity polymerases that stall 
when encountering a DNA lesion and facil- 
itate DNA replication across DNA damage 
sites in a manner that introduces errors into 
the genome (J5, 16, 20); this may lead to base 
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Fig. 3. Targeted therapies trigger a stress response, increase ROS levels, (C) CRC cells were treated as indicated and ROS levels were measured. NAC 
and induce DNA damage in CRC cells. (A) CRC cells were treated as reported was used as a control to rescue ROS production. Results represent means 
and fixed and stained with anti-yH2AX antibody at the indicated time points. Vehicle- of two independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 (Student's 
treated cells (NT) were used as controls. Nuclei are stained with DAPI (blue) and t test). (D) CRC cells were treated with targeted therapies and analyzed by 
anti-yH2AX antibody (red). Scale bar, 50 um. Representative images for each Western blot at the indicated time points. pAMPK, phosphorylated adenosine 
condition are shown. (B) Quantification of nuclear yH2AX foci in DiFi (left panel) and = monophosphate kinase. (E) Wild-type DiFi (left panel) and BRAF-mutated WiDr 
WiDr (right panel) cells. Results represent means + SD (n = 3 for 48 and 72 hours; —_ (right panel) cells were transfected with the indicated siRNA or combination of 
n= 2 for 96 hours). *p < 0.05; **p < 0.01; ***p < 0.001 (two-way ANOVA). siRNAs for 72 hours and analyzed by Western blot. ALL STAR, nontargeting siRNA. 
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Fig. 4. Treatment with targeted therapies promotes mutagenesis in CRC 
cells. (A) Schematic representation of the CA-NanoLuc reporter assay. 

(B) MMRd HCT116 and MMRp DiFi, WiDr, and NCIH508 CRC cells were transduced 
with the NanoLuc lentivirus. At the indicated time points, NanoLuc signal was 
evaluated and normalized to cell viability. Results represent means + SD (n = 3). 
**p < 0.01; ***p < 0.001 (Student's t test). NS, not a statistically significant 
difference. (©) NanoLuc signal in HT29 MLHI-KO clones (cl. 1 and cl. 2). 
NanoLuc signal was evaluated after 72 and 96 hours of growth in standard 


mispairings, incorporation of aberrant DNA 
primer ends, and increased mutagenesis rate 
(32, 33). 

We therefore investigated whether treat- 
ment with targeted therapies leads to genomic 
damage in cancer cells and if error-prone- 
mediated repair of DNA damage is favored 
when CRC cells encounter the hostile environ- 
ment imposed by targeted therapies. Indeed, 
quantification of phosphorylation of H2AX 
at Ser’? (yH2AX), acommon marker of DNA 
damage (34), revealed a dose- and time- 
dependent increase in the number of foci- 
positive nuclei upon drug treatment (Fig. 3, A 
and B, and fig. S8, A and B), whereas no fur- 
ther increase was observed in permanently 
resistant cells upon drug treatment (fig. S8, C 
and D). In addition, we observed a dose- and 
time-dependent increase in the number of 
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53BP1-positive nuclei upon EGFR and BRAF 
blockade (fig. S9, A and B). In direct opposition 
to BRCAI, 53BP1 promotes nonhomologous 
end joining-mediated DSB repair while pre- 
venting HR through restriction of end resec- 
tion (35). These data suggest that targeted 
therapies trigger a switch from high-fidelity to 
error-prone-mediated repair of DNA damage, 
thereby potentially increasing the occurrence 
of mutations conferring drug resistance. 

We next explored the possible causes of the 
DNA damage observed upon the administra- 
tion of targeted therapies. Although several 
chemotherapeutic agents directly generate 
DNA damage, drugs interfering with oncogenic 
signaling (such as EGFR or BRAF inhibitors) 
are not directly genotoxic. However, it has been 
shown that certain targeted therapies, such as 
ABL and BRAF inhibitors, increase the levels 
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conditions and normalized to cell viability. NanoLuc signal from MLHI KO 
clones was then compared with signal detected in MLHI1 wild-type cells (CTR). 
Results represent means + SD (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001 
(Student's t test). (D) DiFi, WiDr, and NCIH508 CRC cells were treated 

as indicated. NanoLuc signal was normalized to cell viability. NanoLuc signal 
from treated cells was then compared with signal detected in untreated 
(NT) cells. Results represent means + SD (n = 3). *p < 0.05; **p < 0.01; 
***n < 0.001 (Student's t test). 


of reactive oxygen species (ROS) in cancer cells 
(36, 37), potentially contributing to DNA dam- 
age during treatment. ROS levels significantly 
increased when CRC cells were exposed to 
EGFR and BRAF inhibitors (Fig. 3C). By con- 
trast, ROS levels were not increased in per- 
manently drug-resistant (adapted) cells upon 
drug treatment (fig. S9C). 

The drug-induced increase in ROS levels 
was abrogated when targeted therapies were 
administered in the presence of the antioxi- 
dant N-acetyl-L-cysteine (NAC) (Fig. 3C). NAC 
administration partially reduced the number 
of yH2AX foci-positive nuclei upon EGFR and 
BRAF blockade (fig. S10, A and B). However, 
cotreatment with NAC did not prevent or res- 
cue down-regulation of DNA-repair genes (fig. 
S10C). The addition of NAC delayed onset of 
relapse to targeted therapies when administered 
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Fig. 5. Adaptive mutability leads to genetic instability in CRC cells in response 
to therapy-induced stress. (A) Percentage of unstable microsatellite regions in 
DiFi and WiDr persister and resistant cells compared with their parental counterpart 
(CTRL). (B) Length distribution of one representative microsatellite region for 
drug-resistant DiFi and WiDr cell lines. ***p < 0.001 (y? test). (C) Number of 
unstable microsatellite sites detected by NGS-based high-depth capture panel in 


WiDr cells (parental) treated with cetuximab + DAB for 14 days (persisters) and at 
resistance. (D) DNA was collected from one vehicle-treated and one cetuximab- 
resistant PDX. Percentage of unstable microsatellite regions of the tumor collected 
from the cetuximab-resistant mouse (PDX CTX-R) compared with the vehicle- 
treated (CTRL) mouse is reported. (E) Length distribution of one representative 
microsatellite region. ***p < 0.001 (y? test). 


together with mitogen-activated protein kinase 
(MAPK) pathway inhibitors (fig. S10, D and E) 
(38, 39). 


Interfering with oncogenic dependencies 
initiates a stress response in CRCs 


To elucidate the mechanistic basis of therapy- 
induced mutagenesis in cancer cells, we tested 
whether the adaptive mutability that we ob- 
served in response to targeted therapies was 
simply a secondary response to G, cell-cycle 
arrest or DNA damage or if it represented an 
active stress response. We found that thymidine- 
mediated cell-cycle stress (fig. S11, A to C) or 
direct DNA damage with the alkylating agent 
oxaliplatin (fig. S11, D to F) instead promoted 
the up-regulation of the MMR- and HR-repair 
systems (fig. S11, C and F), and G, cell-cycle 
arrest by nutrient starvation did not lead to 
modulation of DNA-repair gene expression 
(fig. S11, G to I). In bacterial cells, both the 
DNA damage-activated SOS response and the 
general stress response appear to be required 
to induce adaptive mutagenesis (14). We there- 
fore examined the modulation of the kinase 
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mammalian target of rapamycin (mTOR), 
which is a master regulator of mammalian 
cellular stress response (40). Indeed, the mTOR 
effectors pS6K-p70K were down-regulated with 
kinetics comparable to that of MMR and HR 
regulation upon EGFR and BRAF pharma- 
cological blockade (Fig. 3D). However, silenc- 
ing of mTOR did not affect the expression of 
DNA-repair proteins or yH2AX (Fig. 3E). It 
is therefore plausible that down-regulation 
of mTOR contributes to stress-induced muta- 
genesis of cancer cells but is not sufficient to 
activate this phenotype. 

The exquisite sensitivity of DiFi and WiDr 
cells to EGFR and BRAF blockade reflects cell- 
specific oncogenic alterations. The EGFR locus 
is amplified in DiFi cells (2); the WiDr cells 
carry the BRAF p.V600E oncogenic mutation, 
but they also become dependent on feedback 
activation of EGFR when treated with BRAF 
inhibitors (47). We therefore investigated 
whether interfering with the oncogenic depen- 
dency of cancer cells could directly initiate the 
drug-induced stress phenotype. Indeed, small 
interfering RNA (siRNA)-mediated knockdown 
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of EGFR or KRAS in DiFi cells and of BRAF 
(EGFR) in WiDr cells led to reduced expres- 
sion of DNA-repair proteins, triggered DNA 
damage and mTOR down-regulation (Fig. 3E), 
and increased ROS levels (fig. S12). These re- 
sults exclude the possibility that drug-induced 
down-regulation of DNA-repair pathways 
could be due to a nonspecific (off-target) effect 
of the anti-EGFR antibody cetuximab or the 
BRAF inhibitor dabrafenib. 


Targeted therapies induce adaptive mutability 
in CRC cells 


Next, we tested whether the stress response 
induced by targeted therapies translated into 
increased mutagenesis in CRC cells. We used 
a reporter assay in which a dinucleotide CA- 
repeat microsatellite drives the NanoLuc en- 
zyme coding sequence out of frame (Fig. 4A). 
Random mutations that introduce frameshifts 
in this region, in the absence of a functional 
MMR, would restore the NanoLuc open read- 
ing frame, leading to bioluminescence. Analo- 
gous approaches have previously been used to 
measure MMR defects in cancer cells (42-44). 
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To validate the assay, we first introduced the 
CA-NanoLuc vector into a MMRd human CRC 
cell line (HCT116) and three MMRp human 
CRC cell lines (DiFi, WiDr, and NCIH508). The 
NanoLuc signal was significantly higher in 
MMRd cells after 48 hours of standard growth 
conditions (Fig. 4B). This difference was further 
increased when HCT116 cells were kept in cul- 
ture for several days, whereas the signal in the 
MMEBp lines remained low (Fig. 4B), indicat- 
ing that the CA-NanoLuc assay effectively de- 
tects MMR deficiency in cancer cells. 

We next used the CA-NanoLuc system to 
measure the impact of ectopic inactivation 
of MMR in CRC cells. To this end, we used 
CRISPR-CAS9 to inactivate the MLHI gene 
in the HT29 human CRC cell line. After the 
isolation of two independent MZH7 knockout 
(KO) clones (fig. S13, A and B), they were 
transduced with the CA-NanoLuc vector. MLH1 
KO clones exhibited higher levels of NanoLuc 
signal as expected, confirming that the assay 
can detect inactivation of DNA MMR (Fig. 4C). 
Next, drug-dependent (transient) MMR down- 
regulation was evaluated. EGFR and BRAF in- 
hibition led to time-dependent increases of 
bioluminescence (Fig. 4D), paralleling the 
down-regulation of DNA-repair effectors and 
the up-regulation of low-fidelity polymerases. 
We further found that permanently resist- 
ant derivatives no longer exhibited adaptive 
mutability in response to targeted therapies 
(fig. S14). 


Genomic alterations in CRC cells upon 
treatment with targeted therapies 


To determine whether molecular evidence of 
adaptive mutability was present in the genome 
of CRC cells treated with EGFR and BRAF 
inhibitors, we analyzed whole-exome sequenc- 
ing (WES) data from DiFi and WiDr parental, 
persister, and drug-resistant derivative cells. 
The overall mutational burden (i.e., the num- 
ber of mutations per megabase) of persisters 
and the drug-resistant cell population was 
only marginally affected (fig. S15, A and B). 
As a control, we assessed whether MMR per- 
manent inactivation induced by MLHI KO 
affected the mutational burden of HT29 CRC 
cells and found that it was only marginally 
affected (fig. S16A). 

Given these results, we changed our approach. 
Because treatment with targeted therapies led 
to a transient MMR-deficient phenotype, we 
reasoned that MMR status could be more 
easily detected by examining microsatellite 
regions, where DNA replication slippage errors 
occur frequently and are ineffectively repaired 
in the absence of MMR. Indeed, WES analysis 
unveiled alterations in microsatellite regions of 
HT29 in which the MLH7 gene was genetically 
knocked out (fig. $16, B and C). We also de- 
tected increased genetic instability in the micro- 
satellite regions of CRC cells made resistant 
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to targeted agents (Fig. 5, A and B), as shown by 
a shift in the length of microsatellite regions, 
highlighting the impact of targeted therapies 
on the DNA-repair process and mutagenicity. 
To detect the occurrence of microsatellite 
alterations in nonclonal cell populations, we 
utilized a high-depth capture panel that de- 
tects hotspot somatic variants and shifts in 
the length of microsatellite regions. Indeed, 
such high-sensitivity analysis unveiled a sig- 
nificant shift in the length of microsatellite 
regions in both persister and drug-resistant 
cells (Fig. 5C and fig. S17). 

We next assessed the impact of targeted 
therapies on the genomic landscape of PDXs 
by studying a PDX model (CRC0078) (Fig. 2A 
and fig. S7D) that was continuously treated 
with cetuximab until it developed resistance 
(fig. S18). WES analysis of the cetuximab- 
resistant tumor tissue revealed alterations in 
microsatellite genomic regions that were not 
present in the PDX tumor collected from the 
corresponding untreated mouse (Fig. 5, D 
and E). Overall, these results indicate that CRC 
cells and a CRC PDX model exposed to tar- 
geted therapies experience loss of replication 
fidelity in regions of nucleotide repeats. 


Discussion 


The development of resistance has emerged 
as a major limitation of targeted therapies 
directed against oncoproteins such as EGFR, 
BRAF, and ABL (25). 

In this study, we tested the hypothesis that 
cancer cells treated with targeted therapies ac- 
tivate stress-induced mutagenic mechanisms. 
We found that persister (drug-tolerant) cancer 
cells that survive EGFR and/or BRAF inhibition 
exhibit DNA damage, down-regulate mismatch 
and HR repair proteins, switch from high- 
fidelity to error-prone-mediated repair of DNA 
damage, and transiently increase their muta- 
genic ability. 

Stress-induced mutagenesis is a character- 
istic trait of unicellular organisms to tran- 
siently accelerate genetic diversity in a fraction 
of the population when encountering a hos- 
tile environment. (16). Indeed, we found that 
therapy-induced modulation of DNA repair in 
cancer cells is also transitory and reverts back 
once a mutational landscape able to restore 
the ability to grow in the presence of the drug 
is achieved. We postulate that in cells of mul- 
ticellular organisms, stress-induced mutagen- 
esis is not operational. However, in cancer cells 
that have lost tissue-imposed homeostasis— 
and in many ways operate like unicellular 
organisms—this ancestral program is still avail- 
able and is unleashed by oncoprotein-targeted 
drugs. A similar process has also been ob- 
served in cancer cells undergoing hypoxia- 
driven stress (7, 45, 46). 

The analysis of mutational signatures has 
emerged as a valuable tool with which to docu- 
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ment the mutational processes operative in 
cells (47). In future studies, it will be interest- 
ing to establish whether specific mutational 
signatures emerge under targeted therapies. 
Resolving such processes, which we postulate 
occur transiently in small cell subpopulations, 
is likely to require extensive genomic com- 
parisons of multiple clones and independent 
data points. 

These results may have clinical implications. 
The knowledge that cancer cells under ther- 
apeutic stress down-regulate key effectors of 
the DNA-repair machinery, such as MMR and 
HR, exposes a vulnerability that could be clin- 
ically exploited. For example, it will be impor- 
tant to assess whether down-regulation of HR 
proteins confers sensitivity to poly-ADP-ribose 
polymerases (PARP) inhibitors as observed in 
HR-deficient cancers (48-50). Moreover, phar- 
macological or genetic interference could be 
deployed to curb the cellular mechanisms that 
initiate drug-driven adaptive mutagenesis with 
the goal of reducing the generation of new 
variants during treatment. This strategy could 
potentially increase and prolong the clinical 
efficacy of targeted therapies. 
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SUPERFLUIDITY 


Coherent vortex dynamics in a strongly interacting 


superfluid on a silicon chip 


Yauhen P. Sachkou", Christopher G. Baker", Glen I. Harris’, Oliver R. Stockdale”, Stefan Forstner’, 
Matthew T. Reeves, Xin He’, David L. McAuslan’, Ashton S. Bradley*, Matthew J. Davis’, Warwick P. Bowen} 


Quantized vortices are fundamental to the two-dimensional dynamics of superfluids, from quantum 
turbulence to phase transitions. However, surface effects have prevented direct observations of coherent 
two-dimensional vortex dynamics in strongly interacting systems. Here, we overcome this challenge 

by confining a thin film of superfluid helium at microscale on the atomically smooth surface of a silicon 
chip. An on-chip optical microcavity allows laser initiation of clusters of quasi-two-dimensional vortices 
and nondestructive observation of their decay in a single shot. Coherent dynamics dominate, with 
thermal vortex diffusion suppressed by five orders of magnitude. This establishes an on-chip platform 
with which to study emergent phenomena in strongly interacting superfluids and to develop quantum 


technologies such as precision inertial sensors. 


trongly interacting many-body quantum 

systems exhibit rich behaviors of signif- 

icance to areas ranging from supercon- 

ductivity (7) to quantum computation 

(2, 3), astrophysics (4-6), and even string 
theory (7). The first example of such a be- 
havior, superfluidity, was discovered >80 years 
ago in cryogenically cooled liquid helium-4. It 
was found to persist even in very thin two- 
dimensional films, for which the well-known 
Mermin-Wagner theorem precludes conden- 
sation into a superfluid phase in the thermo- 
dynamic limit [see, e.g., discussion in (8)]. 
This apparent contradiction was resolved by 
Berezinskii, Kosterlitz, and Thouless (BKT), 
who predicted that quantized vortices allow a 
topological phase transition into superfluidity 
(9, 10). It is now recognized that quantized 
vortices dominate much of the two-dimensional 
dynamics of out-of-equilibrium superfluids 
even outside the regime of BKT superfluidity, 
including quantum turbulence (77) and anom- 
alous hydrodynamics (72). 

Recently, laser control and imaging of vorti- 
ces in ultracold gases (13, 14) and semicon- 
ductor exciton-polariton systems (15, 16) have 
provided rich capabilities to study superfluid 
dynamics including, for example, the forma- 
tion of collective quasi-two-dimensional vortex 
dipoles with negative temperature and large- 
scale order (17, 18) as predicted by Lars Onsager 
70 years ago (19). However, these experiments 
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are generally limited to the regime of weak 
interactions, where the Gross-Pitaevskii equa- 
tion provides a microscopic model of the dy- 
namics of the superfluid. The regime of strong 
interactions can be reached by tuning the 
atomic scattering length in ultracold gases 
(20-23), although three-body losses can limit 
the system lifetime (20). Superfluid helium, by 
contrast, exists naturally in this state, which 
offers the possibility of studying many-vortex 
dynamics over a much greater range of length 
and time scales (24). The strongly interacting 
regime is relevant for astrophysical superfluid 
phenomena such as pulsar glitches (6) and 
superfluidity of the quark-gluon plasma in the 
early universe (5) and is highly challenging to 
treat theoretically (25, 26). The vortex dynam- 
ics in this regime are typically predicted using 
phenomenological vortex models. However, 
questions such as whether the vortices have 
inertia (27, 28), what is the precise nature of 
the forces they experience from the normal 
component of the fluid (29), and how to treat 
dissipation given the nonlocal nature of the 
vortex flow fields (8, 30) all remain to be con- 
clusively answered. Moreover, point-vortex 
modeling offers limited insight into the pro- 
cesses of vortex creation and annihilation, 
which are crucial to understanding the dy- 
namics of topological phase transitions. 
Here, we report the observation of coherent 
dynamics of quasi-two-dimensional vortices in 
a strongly interacting superfluid. We achieve 
this by developing a microscale photonic plat- 
form to initialize vortex clusters in a few- 
nanometer-thick film of helium-4 on a silicon 
chip, confine them, and image their spatial 
distribution over time. Our experiments char- 
acterize vortex distributions through their 
interactions with resonant superfluid surface 
waves, taking advantage of ultraprecise sensing 
methods from cavity optomechanics (31-33). 
Microscale confinement greatly enhances the 
interactions and enables resolution of the dy- 
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namics of few-vortex clusters in a single shot 
and tracked over many minutes as they interact, 
dissipate energy, and annihilate. We find that 
evaporative heating occurs, where the anni- 
hilation of low-energy vortices draws energy 
out of a background flow, causing a net in- 
crease in free-vortex kinetic energy as the 
system evolves. 

Our experiments yield a vortex diffusivity 
five orders of magnitude lower than has been 
observed previously for unpinned vortices in 
superfluid helium films (34). This verifies that 
the diffusivity can become exceptionally small 
when operating at temperatures far below the 
superfluid transition temperature, as conjec- 
tured from extrapolation of 30-year-old exper- 
imental observations (8, 34). Therefore, the 
system operates well within the regime of 
coherent vortex dynamics, with the time scale 
for dissipation found to exceed the coherent 
evolution time by more than five orders of 
magnitude. The on-chip system reported here 
provides a platform with which to explore the 
dynamics of phase transitions and quantum 
turbulence in strongly interacting superfluids 
and to study how such fluids evolve toward 
thermal equilibrium and dissipate energy. 


Nonequilibrium vortex clusters can be 
generated with laser light 


Figure 1A shows a schematic of our experi- 
mental apparatus. A microscale optical ring 
cavity with laser-reflowed atomically smooth 
surface, conventionally known as a micro- 
toroid (35), is placed inside a sealed sample 
chamber within a closed-cycle *He cryostat. 
The microtoroid confines light in whispering 
gallery mode resonances, which are excited 
through an optical nanofiber. The microtoroid 
is fabricated from silica, has a radius of R = 
30 um, and is suspended above a silicon chip 
by a pedestal that narrows to a radius of 7, ~ 
1um where it contacts the bottom surface of 
the microtoroid (Fig. 1A, inset). The sample 
chamber is filled with *He gas at room tem- 
perature. The pressure is chosen so that the 
gas condenses directly into an unsaturated 
superfluid film at ~1 K. This film coats the 
inside of the chamber, including the optical 
microcavity (31, 36). Vortices and superfluid 
surface waves can coexist in the superfluid 
film and are geometrically confined to the 
surface of the microtoroid. 

Our experiments operate with a superfluid 
film thickness of d ~ 7.5 nm and a temperature 
of T ~ 500 mK, well below the superfluid 
transition. In these conditions, the thickness 
far exceeds the superfluid healing length, such 
that the system is outside the regime of BKT 
superfluidity. However, from the hydrody- 
namic perspective, the system is quasi-two- 
dimensional because both the lowest-energy 
vertically propagating phonon modes and the 
lowest-energy Kelvin modes of vortices have 
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energies comparable to the thermal energy, 
so only a few of these modes are expected to 
be thermally excited [see section 1.1 of (37)]. 

We find experimentally that vortex clusters 
can be optically initialized on the surface of the 
microtoroid in several ways, including pulsing 
the intensity of the injected laser to induce su- 
perfluid flow through the “fountain effect” (36) 
and optomechanical driving of low-frequency 
surface waves by dynamical backaction (37). 
Both of these techniques induce flow that ex- 
ceeds the superfluid critical velocity at the inter- 
face between the pedestal and the microtoroid. 
This triggers the generation of vortex pairs 
on the bottom surface of the microtoroid in 
close proximity to the pedestal (Fig. 1B). In the 
presence of a circular boundary, an ensemble 
of vortex pairs evolves into a metastable state 
characterized at high energies by a large-scale 
negative-temperature Onsager vortex dipole 
(7, 19) [see section 3.2 of (37)]. In our case, the 
microtoroid pedestal introduces a deep po- 
tential to which vortices can pin [see section 7 
of (37)], qualitatively modifying the physics. 
Vortices of one sign become pinned, creating a 
macroscopic circulation, whereas vortices of 
the opposite sign evolve into a free-orbiting 
metastable cluster similar to the case without 
a pinning site [see section 3.2 of (37)]. 

The time scale within which a metastable 
state is reached can be estimated from the 
characteristic turnover time for internal re- 
arrangement of the free-vortex cluster, t ~ 
T.’/N«, where Nis the number of free vortices, 
r, is the radius of the cluster, and « = h/mye 
is the circulation quantum, with my, being 
the mass of a helium atom and h Planck’s 
constant (38) [see section 3.2 of (37)]. Consid- 
ering the case of two free vortices separated 
by the disk radius provides an upper bound 
to the turnover time of t < 5 ms. This is sub- 
stantially faster than both the dissipation of 
the system and the temporal resolution of our 
measurements, which are ~1 min and 1 s, re- 
spectively. Consequently, the vortex cluster 
can be well approximated to exist in a meta- 
stable state throughout its evolution, with 
this state modified continuously by dissipa- 
tion and in discrete steps by vortex annihila- 
tion events. 

Each possible metastable state is uniquely 
characterized by the number of free vortices, 
kinetic energy, and angular momentum. Per- 
forming point-vortex simulations, we determine 
the possible metastable vortex distributions 
as a function of these three parameters [see 
section 3.2 of (37)]. In their metastable state, 
the free vortices exist in an orbiting horseshoe- 
shaped cluster separated from the origin, 
which, together with the macroscopic circula- 
tion, forms a vortex dipole. Figure 1C illustrates 
how the distribution of the cluster evolves as 
a consequence of changes in vortex number, 
kinetic energy, and angular momentum. 
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Interactions with third-sound allow 

vortex imaging 

The interaction between light and vortices is 
extremely weak in superfluid helium because 
of its exceedingly low refractive index and the 
Angstrom scale of the vortex cores. This pre- 
cludes direct optical imaging techniques. Fur- 
thermore, the tracer particles used to image 
vortex dynamics in bulk three-dimensional 
helium (24) are too large to be applied in thin 
films. Instead, in our experiments, the vortex 
dynamics are tracked through their influence 
on resonant superfluid third-sound waves 
that are also confined to the bottom surface of 
the microtoroid (Fig. 2A). Third-sound waves 
are surface waves analogous to shallow-water 
waves but with a restoring force provided by 
the van der Waals interaction with the sub- 
strate rather than gravity [see, e.g., (39)]. They 
also exist on the top surface of the microtoroid 


FBS 
eaeer 3He cryostat 
1555 nm PD 
— 
Cy 
Oscilloscope 


Laser heating 


Superflow 


but in this case are isolated from the vorti- 
ces because of their physical separation [see 
section 2 of (37)]. We monitor the thermal 
excitations of third-sound modes in real time 
through their effect on the height of the super- 
fluid film in the optical evanescent field of the 
microtoroid (37). This manifests as fluctuations 
of the phase of light confined inside the cavity, 
which are resolved through balanced homo- 
dyne detection implemented within a fiber 
interferometer (Fig. 1A). Frequency analysis 
of the output photocurrent reveals resonances 
with frequencies that are in good agreement 
with expectations for third-sound modes con- 
fined to a circular geometry [see sections 1 and 
2 of (37)]. The resonances are Bessel modes, 
characterized by their radial m and azimuthal 
nm mode numbers (41). 

The vortex flow field causes Doppler shifts 
of the frequencies of the third-sound modes, 


Evaporation 


0 


Prax 


Fig. 1. Laser initialization of vortex clusters. (A) Experimental setup. A balanced homodyne detection 
scheme is implemented within a fiber interferometer. FBS, fiber beam splitter; PD, photodetector. Inset shows 
a scanning electron microscope image of the microtoroidal optical cavity used in the experiments. Scale 
bar, 20 um. (B) Sketch of the vortex generation process. Laser heating of the microtoroid perimeter 
causes superfluid evaporation, followed by superflow (36). The flow exceeds the superfluid critical velocity 
at the top of the microtoroid pedestal, seeding the generation of vortex pairs. (©) Exemplar simulated 
metastable distributions showing the effects of vortex annihilation and of changes in total kinetic energy K 
and angular momentum L. The color map indicates the free-vortex probability density, with a maximum of 
Dmax = {0.035, 0.075, 0.023, 0.12} um", respectively, for the top to bottom metastable states. Top metastable 
state: {N,K,L} = {10,0.43 aJ, 120 ag um? sy; second to top: N + 9; second to bottom: K > 0.41 aJ: 


and bottom: L > 44 ag um? s7. 
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Fig. 2. Interactions between vortices and third-sound on a disk. (A) Top left: Free vortices (blue) and 
pinned circulation (red) on the bottom surface of the microtoroid. Bottom left: A third-sound mode on the 
same surface. The vortices and third-sound couple due to the superposition of their flow fields, shown on 

the right for the case of a single vortex (blue dot) offset from the disk origin by distance r. Here, the surface color 
represents the third-sound mode amplitude profile and the blue lines are vortex streamlines. Confinement 
within the same microscale domain enhances both the interaction rate between vortices and third-sound and 
the resulting frequency splitting between counterpropagating third-sound modes. (B) Normalized splitting 
per vortex for third-sound modes (m,n) = (1,3), (1,5), and (1,8) calculated by finite-element modeling using the 
techniques detailed in (40) and outlined in section 2.1 of (32), with their respective spatial profiles. The inset 
schematically depicts the vortex-induced splitting Af between clockwise and counterclockwise third-sound 
modes in the presence of a clockwise vortex, which would be observed as a function of frequency f in the power 
spectral density (PSD) of the optically measured superfluid motion. 


lifting the degeneracy between clockwise and 
counterclockwise waves (Fig. 2). The magni- 
tude of the frequency splitting induced by a 
vortex scales inversely with the area in which 
it is confined (39, 40). As such, the microscale 
confinement provided by our microtoroid 
allows greatly enhanced resolution compared 
with previous experiments (39, 42). The split- 
ting also depends both on the position of the 
vortex and on the spatial profile of the third- 
sound mode, as shown for several modes in 
Fig. 2B. Despite the strong interactions be- 
tween helium atoms, the phase coherence and 
incompressibility of the superfluid combine to 
ensure linearity. Therefore, the total flow field 
of a vortex cluster is given by the linear super- 
position of the flow of each constituent vortex. 
The total splitting between counter-rotating 
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third-sound modes is then equal to the sum 
of the splittings generated by each vortex 
and by the macroscopic circulation pinned 
to the pedestal. We exploit this linearity, com- 
bined with the vortex position-dependent in- 
teraction and simultaneous measurements of 
splitting on several third-sound modes, to char- 
acterize the spatial distribution of vortex clus- 
ters in a manner analogous to experiments 
that use multiple cantilever eigenmodes to 
image the distribution of deposited nano- 
particles (43). 


Vortex clusters evolve coherently 


To determine the instantaneous metastable 
vortex distribution from a single continuous 
measurement, we generate a nonequilibrium 
vortex cluster by optically initiating super- 
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critical flow. We then simultaneously measure 
the frequency splittings induced on the (7,7) = 
(1,3), (1,4), (1,5), (1,7), and (1,8) third-sound 
modes as the cluster evolves over time, an- 
ticipating vortex-dipole decay as illustrated in 
Fig. 3A. As a representative example, Fig. 3B 
shows the observed power spectral density 
and frequency splitting of the (1,7) third-sound 
mode at the start of the measurement run, just 
after the vortex cluster has been initialized 
[see section 2 of (37) for the initial power 
spectral densities of all modes]. Using the 
vortex position-dependent splitting function 
Af(r) (Fig. 2B), the frequency shifts expected 
on each of the third-sound modes are com- 
puted for all possible metastable distributions 
and compared with the observed shifts. This 
allows us to ascertain both the metastable 
state that most closely matches the observed 
frequency shifts at a given time, as well as the 
range of metastable states for which the shifts 
are statistically indistinguishable. 

As shown for the initial metastable vortex 
distribution in Fig. 3C (colored circular points), 
we find excellent agreement between the ob- 
served frequency splittings and those ob- 
tained with the best-fit metastable distribution. 
Moreover, although the measurements only 
loosely constrain the angular momentum 
[see section 4.2 of (37)], we find that the 
statistical uncertainty in the number of free 
vortices and kinetic energy is relatively small. 
The free vortex number in the initial vortex 
dipole is statistically constrained to a value 
of either 16 or 17. For the case of 16 vortices, 
the total kinetic energy and angular momen- 
tum are constrained to K = 0.8*9, aJ and 
L= 0.2703. fg um? s"', respectively, where- 
as for 17 vortices, they are constrained to 
K = 0.8491, aJ and L = 0.312% fg wm? s7). 
We are also able to determine the dipole sep- 
aration, which in the case of 17 vortices is 
found to be 7.374% um. 

Continuously monitoring the superfluid 
third-sound modes reveals that their split- 
tings decay over a time scale on the order of 
minutes (Fig. 3C). The observed splittings are 
well characterized by a metastable vortex di- 
pole throughout this entire decay process. By 
contrast, they are inconsistent with other vor- 
tex dynamics models such as expansion of a 
single-sign vortex cluster caused by either 
vortex-vortex interactions or diffusive hopping 
between pinning sites on the surface of the 
microtoroid [see section 4 of (37)]. 

The kinetic energy and free-vortex number 
of the metastable state are shown as a function 
of time for a single shot in Fig. 4, A and B (blue 
curves). The total kinetic energy of the dipole 
decays continuously with time as a conse- 
quence of weak dissipation. This decay occurs 
over a period of ~1 min, comparable to pre- 
vious nonspatially resolved measurements of 
the decay of a persistent current (44). In our 
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experiments, the decay is accompanied by a 
reduction in the number of free vortices as 
vortex-vortex interactions and dissipation 
drive vortices into the center of the disk, where 
they can annihilate with quanta of circulation 
of opposite sign pinned to the pedestal. These 
dynamics are supported by point-vortex simu- 
lations (Fig. 4, C and D), which show good 
quantitative agreement with only the mutual 
friction coefficient o as a fitting parameter. 
The agreement between experiment and the- 
ory indicates that within experimental uncer- 
tainties, the vortex dynamics are consistent 
with a simple point vortex model including 
local phenomenological dissipation and with- 
out the need to introduce surface pinning 
sites, inertia to the vortex cores (27, 28), or 
an Iordanskii force between vortices and the 
normal component of the fluid (29). 

The mutual friction coefficient quantifies 
the ratio of coherent to dissipative time scales 
in the superfluid dynamics and in our system 
is expected to be determined by a combina- 
tion of temperature-dependent phonon- and 
ripplon-scattering processes, as well as surface 
roughness effects. From the fit, it is found to be 
a ~ 2x 10° [see section 3.3 of (37)]. A second 
experiment under similar conditions but with 
an initial free-vortex number of N = 33+? is 
broadly consistent, yielding a ~ 3 x 10°° [see 
section 5 of (37)]. These values are similar 
to both measurements (45, 46) and theoret- 
ical predictions [see section 3.4 of (37)] for 
bulk superfluid helium, suggesting that sur- 
face effects are small despite the quasi-two- 
dimensional geometry. It has generally been 
thought that fast dissipative processes would 
preclude the observation of coherent dynam- 
ics in superfluid helium films. However, the 
mutual friction coefficient obtained here shows 
that this is not the case in general, with co- 
herent dynamics dominating by more than 
five orders of magnitude. This is competitive 
with the best ultracold atom experiments, 
which typically achieve o ~ 6 x 10™* (17). 


Nonequilibrium vortex dynamics is observed in 
a single shot 


The pinning of vortices on the microtoroid ped- 
estal results in a macroscopic circulation, as dis- 
cussed above. The kinetic energy associated 
with the free vortex cluster is given by Kfree = 
K- Kpinnea, where Kpinnea = pd(Nx)"In(R/r,)/ 
4n, the kinetic energy of the macroscopic cir- 
culation alone, with p = 145 kg/m? being the 
density of superfluid helium. Ky... is shown 
for both our experimental data and simu- 
lations by the red curves in Fig. 4, A and C. 
During the first minute of evolution, it is 
negative and, notably, increases with time. 
The dynamics are characterized by steps up 
in energy during vortex annihilation events 
interspersed with a continuous dissipative 
decay. 
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The negativity of the free-vortex energy can 
be understood by considering the interfer- 
ence between the flow fields of a free vortex 
and the macroscopic circulation. Although 
the high flow velocity near the core of a free 
vortex introduces kinetic energy, the vortex 
flow field also cancels a component of the 
background flow. For a sufficiently large cir- 
culation, this cancellation effect dominates, 
leading to an overall negative energy cost to 
introducing the vortex cluster [see section 7.2 
of (37)]. 

The increase in free-vortex energy over time 
can be explained by considering the process of 
vortex annihilation in a macroscopic back- 
ground flow. To annihilate, a free vortex must 


Splitting (KHz) 


reach the pedestal, where its contribution to 
the total kinetic energy is at a minimum. To do 
this, it gives up kinetic energy to the remain- 
ing free vortices. This process of removing 
low-energy vortices has been described as 
evaporative heating (8), in analogy to evap- 
orative cooling of ultracold atomic ensembles. 
However, whereas standard evaporative heat- 
ing can explain a per-vortex increase in kinetic 
energy, its effect is to reduce the net free- 
vortex kinetic energy (8). The physics is mod- 
ified here by the presence of a macroscopic 
background flow. The annihilation of a free 
vortex with a pinned circulation quanta can- 
cels a component of this flow, reducing its 
kinetic energy while leaving the total kinetic 


vortex-induced splitting 
_ 


it 
(i 


Fig. 3. Temporal dynamics of third-sound splitting. (A) Vortex-dipole decay process. Red indicates 
quantized circulation around the pedestal reduces due to annihilation events. Light blue indicates orbiting 
free-vortex cluster spirals toward the origin due to dissipation. Dissipation is exaggerated for clarity. 

(B) Experimental splitting observed in the PSD of the (m,n) = (1,7) third-sound mode pair immediately 
after vortex-dipole initialization. Gray spectra are the third-sound mode pair without vortices. The residual 
splitting in these unperturbed spectra is caused by irregularities in the circularity of the microtoroid that 
break the degeneracy between standing-wave Bessel modes (31) and is accounted for in data processing 
[see section 1.3 of (37)]. f is the frequency of superfluid motion; f,) is the mean resonance frequency of 
third-sound mode pair. (C) Temporal decay of splitting of the (m,n) = (1,8), (1,7), (15), (14), and (1,3) third- 
sound modes (top to bottom traces, respectively). These specific modes were chosen because of the high 
signal-to-noise ratio of their PSDs. The raw data were recorded on a high-bandwidth, high-memory-depth 
oscilloscope. Six continuous measurements were taken, separated by ~10-s data-saving periods. Colored circles 
at the start of each trace show the theoretical splitting of each third-sound mode pair for the best-fit initial 
vortex metastable distribution. Insets show spatial amplitude profiles of each third-sound mode. 
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Fig. 4. Single-shot evolution of vortex-cluster metastable states. (A) Evolution 
of total kinetic energy (blue curve) and free-vortex cluster kinetic energy (red curve). 
Insets show metastable vortex probability densities at times indicated by the 
vertical dashed lines. These probability densities have the same color scale as 
those in Fig. 1C, with pmax = {0.0087, 0.015, 0.032} um, respectively, from left to 


right. The second and third metastable di 


istributions are taken, respectively, just 


before and just after the 7-to-6 annihilation event. The angular momentum of 


each distribution is chosen, within the un 
the entropy of the state and therefore re| 
experimentally plausible distributions. (B 


certainty window of the fit, to maximize 
presents the most statistically likely of the 
Experimentally determined decay of the 


vortex number. Vertical dashed lines correspond to times in (A). Note that although 
these data display steps in the vortex number, this is a feature of our analysis 
that minimizes the root-mean-square uncertainty only over discrete vortex number. 
Our experiments approach single-vortex resolution; however, the continuous 
variation of vortex-induced splitting with time precludes direct unambiguous 
observation of individual steps in the splitting that result from creation or annihilation 
(40). (€ and D) Point-vortex simulations of the system evolution [see section 3.3 
of (37) for implementation]. (C) Evolution of the total (blue curve) and free-vortex 
(red curve) kinetic energies. (D) Evolution of the free-vortex number. In all traces, the 
shaded area corresponds to a 1-SD uncertainty. 


energy essentially unchanged, as can be seen 
by the lack of discrete steps in the blue curves 
of Fig. 4, A and C. Therefore, annihilation 
events increase the kinetic energy of the free- 
vortex cluster by drawing energy out of the 
background flow. This pushes the cluster 
outward to a higher separation, as illustrated 
by the metastable states just before and after 
an annihilation event, as shown in insets ii 
and iii, respectively, in Fig. 4A. 

In addition to allowing the observation of 
evaporative heating in a single continuous 
shot, our experiments allow the diffusivity D 
of vortices to be established in a regime for 
superfluid helium films, where it was previ- 
ously inaccessible. The vortex diffusivity plays 
an important role in dynamic corrections to 
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the BKT transition (10) and in the dissipation 
of persistent flow (47). This has motivated sub- 
stantial research efforts to quantify it both 
near the BKT transition and outside the re- 
gime of BKT superfluidity (8, 34, 44). How- 
ever, achieving a high signal-to-noise ratio has 
generally proved challenging (8), and surface 
pinning is known to have a major influence on 
measurement outcomes (34, 48). By contrast, 
our experiments are not dominated by surface 
pinning [see section 6 of (37)] and achieve 
near-single-vortex resolution. From them, we 
obtain a value of D = kyTa/pd« ~ 100 nm’ s7, 
where kx is the Boltzmann constant. This is 
five orders of magnitude below previous mea- 
surements for which the vortex dynamics are 
not dominated by pinning (34), verifying the 
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extrapolation from 30-year-old experimental 
observations that the diffusivity could become 
exceedingly small outside the BKT regime at 
low temperatures (8). Future experiments 
varying the temperature, film thickness, and 
surface properties may further elucidate the 
details of dissipation in thin superfluid he- 
lium films. 


Concluding perspectives 


The experiments reported here were enabled 
by the use of microscale confinement, which 
greatly enhances the interactions between 
vortices, between third-sound and vortices, 
and between third-sound and light. Interac- 
tions with strong pinning sites have previously 
prevented the observation of coherent vortex 
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dynamics in superfluid helium films (42). In 
our experiments, vortex-vortex interactions 
dominate because of the increased confinement 
and atomically smooth surface of the device. 
The smoothness of the surface results in a con- 
servative upper bound to the vortex unpinning 
velocity of 0.2 cm/s [see section S6 of (37)], 
three orders of magnitude lower than previ- 
ous experiments (42). As such, vortex-vortex 
interactions dominate even for the smallest 
possible clusters containing only two vorti- 
ces. Furthermore, a four-order-of-magnitude 
enhancement in the interaction strength be- 
tween vortices and third-sound compared with 
earlier experiments (39, 42) allows resolution 
approaching the single-vortex level. Together, 
these capabilities provide a tool for future 
study of the rich dynamics of quasi-two- 
dimensional vortices in strongly interacting 
superfluids on a silicon chip. Vortex dynamics 
in the regime of BKT superfluidity may also be 
accessible by operating with thinner films. 

The ability to nondestructively track vortex 
dynamics in a single shot opens the prospect 
to explore out-of-equilibrium dynamics and 
stochastic noise-driven processes that are 
challenging to study with other techniques 
(16, 49). It also promises to resolve conten- 
tious aspects of vortex dynamics in strongly 
interacting superfluids, such as dissipation 
and diffusion models (8, 30), vortex inertia 
(27, 28), and the Iordanskii force (29). Fur- 
thermore, whereas the experiments reported 
here were performed with a relatively small 
number of vortices, the Angstrém scale of the 
vortex core in helium-4 will enable future 
research on the dynamics of ensembles of 
thousands of vortices, a regime well outside 
current capabilities with cold atom and exciton- 
polariton superfluids (38). This could allow 
emergent phenomena in two-dimensional 
turbulence, such as turbulent cascades (38) 
and anomalous hydrodynamics (12), to be 
explored. 
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Potassium channel dysfunction in human neuronal 
models of Angelman syndrome 


Alfred Xuyang Sun’?*+, Qiang Yuan***, Masahiro Fukuda‘, Weonjin Yu*, Haidun Yan®, 
Grace Gui Yin Lim’, Mui Hoon Nai®, Giuseppe Alessandro D'Agostino’, Hoang-Dai Tran?, 
Yoko Itahana®, Danlei Wang'+, Hidayat Lokman’, Koji Itahana®, Stephanie Wai Lin Lim‘, 
Jiong Tang®, Ya Yin Chang’, Menglan Zhang’, Stuart A. Cook’, Owen J. L. Rackham/, 
Chwee Teck Lim®, Eng King Tan’*, Huck Hui Ng”, Kah Leong Lim*?!°2, 


Yong-Hui Jiang°§, Hyunsoo Shawn Je*?°+ 


Disruptions in the ubiquitin protein ligase E3A (UBE3A) gene cause Angelman syndrome (AS). Whereas 
AS model mice have associated synaptic dysfunction and altered plasticity with abnormal behavior, 
whether similar or other mechanisms contribute to network hyperactivity and epilepsy susceptibility 
in AS patients remains unclear. Using human neurons and brain organoids, we demonstrate that 
UBE3A suppresses neuronal hyperexcitability via ubiquitin-mediated degradation of calcium- 

and voltage-dependent big potassium (BK) channels. We provide evidence that augmented BK 
channel activity manifests as increased intrinsic excitability in individual neurons and subsequent 
network synchronization. BK antagonists normalized neuronal excitability in both human and mouse 
neurons and ameliorated seizure susceptibility in an AS mouse model. Our findings suggest that 

BK channelopathy underlies epilepsy in AS and support the use of human cells to model human 


developmental diseases. 


ngelman syndrome (AS) is a neuro- 
developmental disorder characterized 
by delayed development, intellectual dis- 
ability, and seizures (7). Approximately 
90% of AS cases are caused by a loss-of- 
function mutation of the ubiquitin protein 
ligase E3A (UBE3A) gene, which encodes a 
HECT E3 ubiquitin ligase (2). Loss of the UBE3A 
protein could result in accumulation of AS- 
relevant substrate proteins and contribute to 
disease pathogenesis (3). Studies using an AS 
mouse model have demonstrated impaired 
synaptic connectivity, an imbalance between 
network excitation and inhibition, and delayed 
neurodevelopmental processes (4-8). Studies 
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using neurons differentiated from AS patient- 
derived induced pluripotent stem cells (iPSCs) 
have suggested disrupted maturation (9, 10), 
but neither the pathological mechanisms un- 
derlying seizures in AS nor the biological sub- 
strate(s) of UBE3A has been established. 


Altered excitability and fAHP in UBE3A-null 
human neurons 


To understand the cellular and functional 
consequences of the loss of UBE3A in human 
neurons, we used the CRISPR-Cas9 system 
to generate UBE3A knockout (KO) cells in the 
human embryonic stem cell line (hESC) H9 
(Fig. 1A). One clone (KO) harbored a homozy- 
gous 5-bp deletion in exon 6 that resulted in a 
frame shift and early translational termination 
(Fig. 1A). This clone lacked the UBE3A protein 
(Fig. 1A). We found no off-target effects from 
CRISPR-Cas9 on the top 10 predicted off-target 
sites of our single guide RNA sequence (table 
S1). UBE3A KO hESCs were karyotypically nor- 
mal (fig. SIA), expressed key pluripotency mark- 
ers, and proliferated normally (fig. S1, B and C). 

Next, we induced neuronal differentiation 
from these isogenic hESCs by ectopically expres- 
sing Ngn2 (11). This protocol generates homog- 
enous populations of electrically mature cortical 
neurons in a time frame shorter than that 
achieved with morphogen-guided differentia- 
tion protocols (12). Both UBE3A wild-type (WT) 
and KO hESCs were converted to neurons with 
similar efficiency (fig. S2A). At 35 days post- 
induction, we observed morphologically mature 
neurons with dendritic arborizations decorated 
with synaptic markers (Fig. 1B). There were no 
significant differences between WT and KO 
neurons in terms of dendritic complexity or 
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the number of morphological synapses (Fig. 1, 
C and D). This lack of morphological alter- 
ations in KO neurons prompted us to investi- 
gate functional changes using whole-cell patch 
clamp recordings. By injecting stepped currents 
into neurons to trigger action potentials (APs), 
we observed that currents higher than 300 pA 
resulted in increased AP firing frequencies 
in KO neurons (Fig. 1, E to G). There were no 
differences in membrane capacitance, input 
resistance, AP threshold, and AP amplitudes 
between WT and KO neurons (fig. S2, B to E). 
Therefore, we monitored changes in voltage- 
gated sodium (V-Na*) and potassium (V-K*) 
channels, which are essential for AP genera- 
tion (13). Current-voltage curves induced by 
stepped depolarization were indistinguishable 
between WT and KO neurons (fig. S2F). How- 
ever, when we examined the fast components 
of after-hyperpolarization (fAHPs) (fig. S2G), 
which can affect neuronal excitability in a 
bidirectional manner (J4-16), we observed that 
fAHPs were significantly augmented in UBE3A 
KO neurons [WT: -8.6 + 1.5 mV (mean + SEM); 
KO: -14.8 + 1.1 mV; P = 0.0014] (Fig. 1, H and I). 
The changes in AP firing and fAHP observed 
in KO neurons were restored by the ectopic 
expression of WT UBE3A (fig. S2, H to L), con- 
firming that the lack of UBE3A was responsi- 
ble for these functional changes. To verify that 
these differences are not specific to this parti- 
cular hESC line (H9), we generated independ- 
ent pairs of isogenic UBE3A WT and KO clones 
in another hESC line (H1) (fig. S2M) and were 
able to reproduce similar functional changes 
(fig. S2, N to S). In humans, AS is associated 
with loss of the maternal UBE3A allele, and 
this could not be recapitulated in our homo- 
zygous KO clones. Thus, we sought to determine 
whether neurons from AS patient-derived iPSCs 
exhibit a similar increase in excitability with 
augmented fAHP. To this end, we generated 
neurons from an AS iPSC line that carried a 
microdeletion in chromosome 15q11.2-q13.1 
(which includes the UBE3A gene) and confirmed 
that the UBE3A protein was not observed in 
induced neurons (Fig. 1J). The introduction of 
WT UBESA into these AS iPSC-derived neu- 
rons similarly rescued functional changes in 
AP firing and fAHPs (Fig. 1, K to N). Taken 
together, our results established that the loss 
of UBE3A in human neurons results in altered 
neuronal excitability associated with enhanced 
fAHP. 


BK augmentation underlies increased fAHP 


fAHPs are primarily mediated by calcium- and 
voltage-dependent big potassium (BK) channels 
in neurons (17). To determine whether the en- 
hanced fAHPs observed in KO neurons resulted 
from increased BK channel activity, we pharma- 
cologically isolated BK currents (fig. S3A). Com- 
pared with WT-derived neurons, UBE3A KO 
neurons exhibited larger BK currents (Fig. 2A 
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and fig. S3B). Although a previous report in- 
dicated that SK2 (small-conductance Ca?*- 
activated K* channel 2) is a substrate of UBE3A 
(18), we did not observe any significant differ- 
ence in SK2-mediated medium AHPs (fig. $3, 
C and D). The higher BK currents observed in 
KO neurons might simply be due to increased 
BK protein expression. Indeed, Western blot 
analyses showed that the level of the oblig- 
atory subunit of BK (BKa) was higher in KO 
neurons (fig. $3, E and F). We independently 


confirmed this finding by employing single- 
molecule, atomic force microscopy (AFM) to 
assess the densities of BK proteins on cellular 
membranes by analyzing the physical inter- 
actions between BK proteins and BK-specific 
antibodies conjugated to the AFM tip (Fig. 2B 
and fig. S4) (79). Sequential AFM force mapping 
was conducted by spatially moving the func- 
tionalized tip on the soma membranes of 
neurons. Figure 2C shows an example of a 
heatmap in which each colored block indicates 
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Fig. 1. Altered functional properties of UBE3A-deficient human neurons. 
(A to D) Generation of human induced neurons from WT and UBE3A KO 
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the presence of BK channels at that location. 
The results revealed that the BK channel den- 
sity was higher on the membranes of KO cells 
(Fig. 2, C and D). If increased BK levels lead to 
enhanced fAHP and elevated excitability in 
KO neurons, we hypothesized that treatment 
with a BK antagonist would normalize these 
differences. Indeed, application of BK antago- 
nists (either 5 uM paxilline or 100 nM IBTX) 
(Fig. 2, Eto H, and fig. S5, A to C), but not of an 
SK antagonist, apamin (200 nM) (fig. S5D), 
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injections in WT and KO induced neurons. (F and G) Representative traces 
and quantification of maximal spike frequencies by current injection in 


hESCs. (A) Schematic illustrating the CRISPR-Cas9-mediated gene editing 
approach used to knock out UBE3A in hESCs (top) and immunoblot showing 
the absence of UBE3A protein in UBE3A KO hESCs (bottom). (B) Schematic 
illustrating the protocol used to generate the human neurons used in this 
study (top) and representative morphological images of day-35 WT and 

KO neurons immunostained for MAP2 (blue) and synapsin (magenta) 
(bottom). Scale bar, 20 pm. (C) Sholl analysis of WT and KO induced neurons 
at day 35. (D) Representative images and quantification of synaptic 

puncta densities, calculated from neurons immunostained for synapsin. Scale 
bar, 1 ym. (E to I) Altered excitability in KO neurons (H9 derived). (E) 
Frequency-current (F-/) curves showing spike frequency versus current 
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induced WT and KO neurons. (H and !) Representative traces and 
quantification of spike fAHP amplitudes of induced WT and KO neurons. 

(J to N) Induced neurons derived from AS iPSCs showed reproduced 
excitability and fAHP changes. (J) Immunostaining for UBE3A in AS neurons, 
with and without ectopic expression of UBE3A. Scale bar, 10 um. (K) F-/ curves 
showing spike frequencies versus current injection in induced neurons derived 
from AS iPSCs. (L) Quantification of maximal spike frequencies in the current 
injections. (M and N) Representative traces and amplitude quantification of 
spike fAHP. Data represent means + SEM. The two-tailed unpaired Student's 

t test was used for all analyses. The numerals in all bars indicate the number of 
analyzed neurons. **P < 0.01; *P < 0.05; N.S., not significant. 
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Fig. 2. UBE3A deletions 
increase BK channel 
function in human 
neurons. (A) Representative 
traces and quantification 

of BK currents isolated 
from WT and KO neurons 
treated with paxilline 

(5 uM). (B) Diagrams 
illustrating the detection 

of BK channels using a 
functionalized probe 

with AFM. (C) Representative 
heatmaps of specific 

BK probe binding events. 
Force-distance curves 

(10 data points by 10 data 
points) were obtained 

over 1-um? areas. Colors 
indicate the measured 
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traces and quantification of fAHP with and without paxilline (5 uM). DMSO, dimethyl sulfoxide. (G and H) F-/ curves showing spike frequencies versus 
current injections and related quantification in induced neurons. Data represent means + SEM. In all bars, the values indicate the number of analyzed neurons. 
The two-tailed unpaired Student's t test was used. *P < 0.05; N.S., not significant. 


normalized the differences in fAHP amplitude 
and AP firing frequency between KO and WT 
neurons, demonstrating that BK channels me- 
diate the augmented fAHP observed in KO 
neurons. 


UBE3A mediates ubiquitination and 
proteasomal degradation of BK 


Next, we sought to determine how the loss of 
UBESA led to BK augmentation. As UBE3A is 
an E3 ligase, we hypothesized that BK is one 
of the substrates of UBE3A-mediated ubiquiti- 
nation and proteasomal degradation (3). To 
test this hypothesis, we first performed in vitro 
coimmunoprecipitation (IP) in heterologous 
cells and confirmed that there is an interaction 
between UBE3A and BK (fig. S6A). Second, 
when FLAG-tagged BK was coexpressed with 
hemagglutinin (HA)-tagged ubiquitin, we ob- 
served more BK ubiquitination when WT UBE3A 
was present than when a catalytically dead 
mutant (MT; C885A) was used (fig. S6B). BK 
ubiquitination by UBE3A was further con- 
firmed in an in vitro ubiquitination assay using 
recombinant proteins (fig. S6C) and by assess- 
ing endogenous BK ubiquitination using mouse 
cortical neurons derived from either WT or 
Ube3a’”’?* mice (fig. S6, D and E). Further- 
more, coexpressing BK cDNA with increasing 
amounts of UBE3A cDNA resulted in a cor- 
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responding decline in the BK protein level, and 
this decrease in the BK level was abolished by 
the proteasome inhibitor MG312 (fig. S6, F to 
H). Collectively, these data demonstrate that 
BK is one of the targeted substrates of UBE3A- 
mediated ubiquitination and proteasomal de- 
gradation. A small subset of people with AS 
do not carry genetic deletions in UBE3A but 
instead possess missense mutations in UBE3A 
(2). Ectopically expressing AS-associated UBE3A 
missense mutants (Glu*°°—>Leu, Leu®°’—>Pro) 
(20), but not an autism-associated mutant 
(Thr**°— Ala) (20), failed to down-regulate BK 
protein levels (fig. S61), indicating that in- 
creased neuronal BK levels may also be a 
pathophysiological phenotype in AS patients 
with missense mutations in UBE3A. Although 
our data thus far suggest that UBE3A affects 
BK protein abundance via its E3 ligase activity, 
UBESA could regulate BK levels via transcrip- 
tional modulation (22). However, quantitative 
real-time reverse transcription polymerase chain 
reaction (PCR) analysis revealed that there 
was no significant difference in BKo subunit 
expression between WT and KO neurons (fig. 
S7A). To identify which transcripts are altered 
by UBE3A deficiency at the genome-wide level, 
we performed mRNA sequencing on WT and 
KO neurons (fig. $7, B to D, and tables S2 to 
S4). Differential expression analysis showed a 
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slight perturbation in the transcriptome over- 
all: in total, 129 differentially expressed genes 
(adjusted P < 0.05) (figs. S7D and S8A and 
table S2) were identified, and all of these genes 
showed minor changes, as indicated by the 
small range of log,(fold change) values. Con- 
sistent with our quantitative PCR results, we 
found no significant differences in the expres- 
sion levels of BK channel genes (fig. S8B and 
table S2). Taken together, our results support 
the notion that, in human neurons, UBE3A pri- 
marily regulates BK levels via a posttranslational 
mechanism. 


A BK antagonist restores neuronal excitability 
and network activity in 3D organoids 


One advantage of using our single-step neu- 
ronal induction protocol instead of morphogen- 
guided differentiation protocols is that our 
protocol can produce electrically mature neu- 
rons (17). However, neurons obtained using this 
protocol do not follow a normal developmental 
trajectory, in that they bypass the progenitor 
stage, raising the question of whether these 
functional deficits are relevant to AS disease 
progression. To address this issue, we gener- 
ated three-dimensional (3D) cortical organoids 
and used this system to investigate functional 
changes in UBE3A-deficient neurons that 
follow a normal developmental maturation 
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Fig. 3. Altered functional properties of neurons and enhanced network 
activity in UBE3A-deficient organoids. (A) Bright-field images of organoids 
and immunostaining of cortical layer markers in WT and KO organoids at 
day 120. Scale bars, 5 mm (bright-field images) or 50 um 


immunostaining). 
(B to D) Altered electrophysiological properties in neurons from KO organoids, as 
illustrated with representative traces (B), F-! curves evoked by current injection 


respectively, for WT and KO organoids. (G) Quantification of the amplitudes of 
calcium transients recorded in WT and KO organoids. (H) Quantification of the 
frequencies and amplitudes of calcium transients before and after paxilline 
treatment (10 uM). N = 10 and 11 organoids for WT and KO, respectively. (| and J) 
Representative traces of calcium transients in individual neurons (left) and 
correlation heatmaps (right) obtained from WT (I) and KO (J) organoids. Sl, 


(C), and quantifications (D), with and without paxilline (10 4M). a.u., arbitrary 
units. (E to K) Two-photon (2P) live calcium imaging of WT and KO organoids. 
(E) Calcium transient traces extracted from individual neurons of WT and KO 
organoids. (F) Cumulative distribution of interevent intervals (IEI) in time bins for 
calcium transients recorded in WT and KO organoids. The inserted bar graph 
shows the quantification. n = 131 and 236 neurons from N = 12 and 17 organoids, 


sequence (23). These brain organoids have 
been shown to better recapitulate the devel- 
opmental timelines of human brains (24). After 
20 days of differentiation, both WT and KO 
cells produced spheroids that were indisting- 
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uishable in size. They were similarly composed 
of polarized, proliferating neuroepithelial cells 
that expressed canonical neuronal progenitor 
markers, including PAX6, SOX2, and NESTIN 
(fig. S9, A and B). These brain organoids con- 
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synchronization index. (K) Summary of the synchronization index recorded in WT 
and KO organoids upon paxilline treatment (10 uM). N = 10 and 11 organoids for 
WT and KO, respectively. Data represent means + SEM. Numerals in bars indicate 
the number of analyzed neurons. The two-tailed paired Student's t test was used 
for analysis of data in (H) and (K); the two-tailed unpaired Student's t test was used 
for analysis of data in all other panels. **P < 0.01; ***P < 0.001. 


tinued to grow over the next 100 days to ~1 
to 2mm (Fig. 3A). After 120 days, immuno- 
staining revealed the presence of a substan- 
tial number of NeuN-positive (NeuN") neurons. 
Consistent with previous reports, multiple 
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Fig. 4. BK modulation ameliorates seizure 
susceptibility in a mouse model of AS. 

(A) Latency to myoclonic seizure induced by 
flurothyl in WT and KO (Ube3a™’°*) mice. 
WT without paxilline, N = 23; KO without 
paxilline, N = 17; WT with paxilline, N = 16; 
KO with paxilline, N = 12. (B) Epilepsy grade 
induced by picrotoxin in WT and KO mice. 
WT without paxilline, N = 16; KO without 
paxilline, N = 18; WT with paxilline, N = 16; 
KO with paxilline, N = 16. (©) Samples 

of spectrogram and averaged delta power 
data for LFP from BIC of WT and KO mice with 
sound stimuli. Delta rhythmicity below the 
dashed line was averaged for analysis. 

(D) Summary of power spectral density 
(PSD) of LFP recorded from BIC of WT and 
KO mice with sound stimuli. N = 8 mice 
from two batches. Normalization was 
performed to remove the baseline difference 
due to batch effect. A two-way analysis 

of variance (ANOVA) with the Bonferroni 
post hoc test was used for frequencies 

of 1 to 4 Hz to analyze differences 

between WT and KO mice. (E) Mean 

delta (1 to 4 Hz) power of WT and KO mice 
LFPs. N = 8 mice from two batches. 

(F) Sample spectrogram and averaged delta 
power of LFPs in BIC of WT and KO mice 
with paxilline treatment (0.35 mg/kg; 

four times, at 1-hour intervals). (@) Summary 
of PSD of LFPs in BIC recorded in WT and 
KO mice with paxilline treatment. Two-way 
ANOVA with the Bonferroni post hoc test was 
used for frequencies of 1 to 4 Hz to analyze 
differences between WT and KO mice. 

(H) Mean delta power (1 to 4 Hz) of WT and 
KO mice LFPs with paxilline treatment. 

N = 8 mice from two batches. Numerals in 
bars indicate the number of animals 
analyzed. Data represent means + SEM. 

The two-tailed unpaired Student's t test was 
used to analyze data for all panels except 
for (D) and (G). *P < 0.05; **P < 0.01; 

N.S., not significant. 


cortical layer markers were also observed, in- 
cluding BRN2/CTIP2/CUX1, and these segre- 
gated the neurons into upper and deep layers 
(Fig. 3A). Quantification analyses showed that 
there was no significant difference in the 
number of NeuN* neurons or the expression 
of the cortical layer markers between WT and 
KO organoids (fig. S9C). We detected a few 
y-aminobutyric acid-positive (GABA") neu- 
rons, indicating the presence of inhibitory 
neurons, within the organoids. Glial fibrillary 
acidic protein-positive cells, which are indica- 
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tive of mature astrocytes, were also observed 
in both WT and KO organoids (fig. S9D). Col- 
lectively, these data demonstrated that both the 
WT and KO organoids contain similar com- 
positions of mature cortical cell types when 
grown in long-term cultures. 

Next, we performed whole-cell patch-clamp 
recordings to evaluate the intrinsic properties 
of neurons in WT and KO organoids after 120 
to 150 days in culture. Similar to the results 
obtained in 2D-induced neurons, pyramidal- 
shaped neurons within UBE3A KO organoids 
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Picrotoxin induced seizure 
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exhibited augmented excitability and elevated 
fAHPs (Fig. 3, B to D), whereas other electro- 
physiological properties remained the same, 
indicating that the overall developmental matu- 
ration is similar between WT and KO organ- 
oids (fig. $10, A to C). Immunoblots of BK 
proteins confirmed that BK levels were higher 
in KO organoids (fig. S10D). Paxilline treat- 
ment normalized the augmented neuronal 
excitability and fAHP changes observed in 
neurons of KO organoids (Fig. 3, B to D). We 
obtained similar results with cortical organoids 
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generated from AS iPSCs (fig. S10, E to G). 
Thus, our recordings performed in long-term 
cultured 3D human cortical organoids repro- 
duced the phenotypes observed in 2D human 
neurons. 

Because 3D organoids are capable of as- 
sembling more sophisticated neuronal networks 
than can be achieved in 2D neuronal cul- 
tures, we sought to use calcium (Ca”*) imaging 
to monitor differences in neuronal network 
dynamics in large populations of cells in WT 
and KO cortical organoids. Incubating cortical 
organoids with Fluo-4AM (2 uM) resulted in 
labeled cells located up to 170 um from the 
surface (movie S1). In WT organoids, bath ap- 
plication of TTX (2 uM) abolished spontaneous 
calcium transients (fig. SIOH and movie 82). 
Whereas neurons in day-120 to day-150 WT 
organoids displayed prominent spontaneous 
Ca?* transients, at the network level synchro- 
nization of transients was rare, and most neu- 
rons fired in a stochastic manner (Fig. 3E and 
movie S3) (25). In contrast, neurons in UBE3A 
KO organoids exhibited more frequent firing 
with augmented dynamic ranges of Fluo-4 
fluorescence, and neurons in some KO organ- 
oids seemed to discharge regularly and synchro- 
nously (Fig. 3, E to G, and movie S3). Soma 
calcium transients were correlated with intrin- 
sic neuronal activity, as indicated by the finding 
that the intensity of somatic Fluo-4 fluores- 
cence gradually increased along with graded 
electrical train stimulations in individual neu- 
rons (fig. S10I), demonstrating that regular 
fluorescence fluctuations were related to intrin- 
sic neuronal bursting, as shown in previous 
reports (26, 27). In addition, perforated patch 
recordings revealed that neurons exhibit spon- 
taneous burst firing in UBE3A KO organoids 
(fig. S10J). Paxilline treatment completely con- 
verted spontaneous burst firing into single AP 
firing in these neurons (fig. S10, J and K) and 
decreased both the frequencies and the am- 
plitudes of calcium transients in the organoids 
(Fig. 3H), suggesting that augmented BK ac- 
tivity promoted burst firing in individual neu- 
rons and subsequent hyperactivity in the entire 
network. Finally, we investigated network-level 
synchronization in cortical organoids. We found 
that KO organoids and AS iPSC-derived or- 
ganoids exhibited higher levels of synchroni- 
zation and that this effect was abolished by 
treatment with paxilline (Fig. 3, I to K, and 
movies S3 and S4). Taken together, our data 
suggest that aberrant intrinsic firing of UBE3A- 
null neurons collectively elicits network- 
level hyperactivity and synchronization that 
resemble the seizure activity observed in AS 
patients (28). 


A BK antagonist ameliorates epileptic 
susceptibility in a mouse model of AS 


Our data thus far demonstrate that changes in 
intrinsic excitability are mediated by augment- 
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ed BK channel activities in neurons derived 
from both isogenic UBE3A KO hESCs and AS 
iPSCs. Because none of these phenotypes 
had been previously reported in AS mouse 
models, we sought to determine whether 
they are also present in neurons obtained 
from mice with a maternal Ube3a deletion 
(Ube3a’"’”*) (fig. SILA), which has been shown 
to recapitulate many of the symptoms asso- 
ciated with AS in humans (29). At postnatal 
day 28, the BK currents were significantly 
larger in hippocampal neurons obtained from 
Ube3a’"’”* mice than in those obtained from 
WT mice (fig. S11B). Similar to human neu- 
rons, changes in excitability and comparatively 
higher fAHP were observed in neurons ob- 
tained from Ube3a""””* mice (fig. S11, C and D) 
(fAHP; WT: -4.4 + 14. mV, n = 26; Ube3a"™”*: 
-6.4 + 1.2 mV, n = 29; p < 0.001). Paxilline 
normalized these changes (fig. S11, C and D). 
These results indicate the presence of evolu- 
tionally conserved BK augmentation in mouse 
neurons that lack Ube3a, and they prompted 
us to test whether the enhanced seizure sus- 
ceptibility observed in Ube3a”’?* mice (7) 
could be normalized upon BK antagonist treat- 
ment. First, we exposed mice to the putative 
GABA type A receptor (GABA,R) antagonist 
flurothyl (100 ul/min), and we observed that 
Ube3a’"/”* mice exhibited a significant reduc- 
tion in the latency to myoclonic seizure, and 
this effect could be normalized by paxilline 
pretreatment [0.35 mg/kg, intraperitoneal (i.p.) 
injection] (Fig. 4A). Similarly, another GABA,R 
antagonist, picrotoxin (3 mg/kg, i.p.), induced 
a grade 1 to 2 seizure phenotype based on 
Racine’s scale (30) in WT mice, whereas the 
same treatment induced a much more severe 
seizure phenotype (grade 5) in Ube3a’"’”* 
mice (Fig. 4B). Paxilline pretreatment was able 
to normalize the seizure grade of Ube3a’"/?* 
mice to a level comparable to that observed 
in WT mice (Fig. 4B). Next, to investigate the 
AS-like electroencephalogram (EEG) abnor- 
malities observed in these mice, we recorded 
resting-state local field potentials (LFPs), which 
are analogous to intracortical EEG changes, in 
freely moving mice (fig. S12A) (37). As previ- 
ously reported, compared to the WT mice, 
Ube3a™’?* mice exhibited a strong trend 
toward total spectral power being increased in 
the delta rhythmicity (1 to 4 Hz) (Fig. 4, C to E, 
P = 0.0044) (31). We also observed increased 
power in other bands, including theta (4 to 
8 Hz), beta (12 to 30 Hz), and gamma (30 to 
80 Hz) bands, in Ube3a”’”* mice, but these 
differences were not statistically significant 
(fig. S12B). Because increased delta rhythmic- 
ity has been linked to seizure susceptibility of 
Ube3a”’?* mice (7), we sought to determine 
whether paxilline treatment could normalize 
the delta rhythmicity. Indeed, paxilline treat- 
ment normalized the enhancement observed 
in the delta band in Ube3a""’””* mice (P = 0.85) 
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(Fig. 4, F to H). Taken together, we conclude 
that BK augmentation similar to that observed 
in human UBE3A KO neurons is observed in 
neurons of Ube3a”™”* mice, and paxilline 
treatment ameliorates the seizure threshold 
as well as the high delta oscillation observed 
in these mice. 


Outlook 


By characterizing the functional properties of 
2D human neurons and 3D cortical organoids 
derived from UBE3A KO hESCs and AS iPSCs, 
we demonstrated an evolutionally conserved 
channelopathy that contributes to network 
dysfunction and hyperactivity in AS. Our re- 
sults suggest that BK channels are substrates 
for UBE3A and that BK might thus be a 
therapeutic target for treatment of patients 
with AS. 
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Intragranular three-dimensional stress tensor fields 
in plastically deformed polycrystals 


Yujiro Hayashi*, Daigo Setoyama, Yoshiharu Hirose, Tomoyuki Yoshida, Hidehiko Kimura 


The failure of polycrystalline materials used in infrastructure and transportation can be catastrophic. 
Multiscale modeling, which requires multiscale measurements of internal stress fields, is the key to 
predicting the deformation and failure of alloys. We determined the three-dimensional intragranular 
stress tensor fields in plastically deformed bulk steel using a high-energy x-ray microbeam. We 
observed intragranular local stresses that deviated greatly from the grain-averaged stresses and 
exceeded the macroscopic tensile strength. Even under deformation smaller than the uniform 
elongation, the intragranular stress fields were in highly triaxial stress states, which cannot be 
determined from the grain-averaged stresses. The ability to determine intragranular stress tensor 
fields can facilitate the understanding and prediction of the deformation and failure of materials 


through multiscale modeling. 


olycrystalline materials such as steel are 

ubiquitous in infrastructure and trans- 

portation industries. The failure of such 

materials caused by the accumulation of 

deformation can be catastrophic. Plastic 
deformation of single crystals is predictable 
because the stress tensors acting along slip 
planes can be determined from macroscopic 
loads. For polycrystalline materials, multiscale 
modeling is required to predict the deforma- 
tion of a huge number of grains and multiscale 
microstructures (1). Establishing a multiscale 
model requires nondestructive, multiscale, ob- 
servational data for the three-dimensional (3D) 
fields of the stresses and plastic strains in bulk 
polycrystals and their evolution produced by 
plastic deformation (2). Nondestructive, multi- 
scale 3D observations of the plastic strains and 
microstructures in bulk polycrystals have be- 
come possible using a variety of synchrotron- 
based x-ray diffraction and imaging techniques, 
including x-ray computed tomography (CT) (3), 
scanning x-ray diffraction CT (4), scanning 
Laue diffraction microscopy (5), diffraction 
contrast tomography (DCT) (6), 3D x-ray dif- 
fraction microscopy (3DXRD) (7-11), scan- 
ning 3DXRD (12), differential-aperture x-ray 
microscopy (DAXM) (13-15), dark-field x-ray 
microscopy (DFXM) (/6), and Bragg coher- 
ent diffraction imaging (7, 18). Nevertheless, 
advances in 3D multiscale measurements of 
the stress tensors in bulk polycrystals are still 
needed because stresses cause only small 
changes in the scattering directions of dif- 
fracted x-rays compared with the changes 
caused by plastic strain-induced crystallo- 
graphic rotations. 


Toyota Central R&D Laboratories, Nagakute, Aichi 480-1192, 
Japan. 
*Corresponding author. Email: y-hayashi@mosk.tytlabs.co.jp 
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Generally, 3DXRD allows for grain-resolved 
3D measurements of stress tensors for em- 
bedded grains in bulk polycrystals using 
synchrotron-based, high-energy x-rays. Grain- 
averaged stress tensors, called type II stresses, 
are obtained by determining the lattice pa- 
rameters of individual grains from multiple 
diffraction spots per grain (19). 3DXRD-based 
type II stress evaluation is a useful method for 
materials science (20, 27), modeling (22, 23), 
and engineering (24-26). One example is the 
study from Sedmak e¢ al., which determined 
the macroscopic (type I) stress tensor fields in a 
tensioned polycrystalline alloy using the type II 
stress tensors they measured to verify martens- 
ite transformation models (20). Their work also 
showed the deviation of type II stresses from 
the type I stress fields. Abdolvand et al. used 
type II stresses that they measured to verify 
crystal plasticity models and found a valid 
model for predicting type II stresses based on 
the orientations of neighboring grains (23). 
However, 3DXRD cannot be used to mea- 
sure intragranular local stress tensors, called 
type III stresses. The measurement of these 
stresses, which reveal the stress tensor fields in 
individual grains, is the key to verifying state- 
of-the-art multiscale models. 

Using DAXM allows for the nondestructive 
measurement of type III stresses by scanning a 
focused polychromatic x-ray beam and detect- 
ing multiple Laue diffraction spots per grain 
(27). However, DAXM is limited to the mea- 
surement of near-surface grains because the 
polychromatic x-ray illumination of numerous 
grains causes massive overlap of diffraction 
spots. DFXM imaging of type III elastic strain 
fields in embedded single grains in bulk poly- 
crystals can be accomplished by magnifying 
individual diffraction spots (28). However, de- 
termining a type III stress tensor is challeng- 
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ing because the six tensor components must 
be calculated by detecting multiple diffraction 
spots per grain. Additionally, stress tensor 
measurement in grains with plastic strains is 
difficult because small changes in the x-ray 
scattering directions caused by shear stress 
components become buried in the more dom- 
inant changes caused by crystallographic 
rotations. 

Obtaining 3D type III stress measurements 
for nondeformed bulk polycrystals requires 
scanning 3DXRD, where the intragranular 
local lattice parameters in deeply embedded 
grains are determined from multiple diffrac- 
tion spots per grain, detected using a focused 
monochromatic high-energy x-ray beam (29). 
The six stress tensor components in nonde- 
formed polycrystals with small intragranular 
misorientations are obtained by determining 
six lattice parameters (19). The six stress tensor 
components are derived using the differences 
in the lattice parameters between strained 
and unstrained grains. However, type III stress 
measurement for plastically deformed bulk 
alloys is still difficult because the six lattice 
parameters of strained grains cannot be accu- 
rately determined because of large, intragran- 
ular misorientations. 

We overcame this obstacle by determining 
elastic strains directly from the difference in 
lattice spacing between strained and unstrained 
grains, without needing to accurately determine 
the six lattice parameters of strained grains. We 
determined six stress tensor components from 
the elastic strains in various directions, which 
we obtained by detecting multiple diffraction 
spots per grain. Our analysis using the multi- 
ple diffraction spots also allows us to measure 
intragranular local stresses. The difference 
in the position of a diffraction spot caused by 
an intragranular local stress is small because 
the focused x-ray beam penetrates the grain. 
The sensitivity to the local stress is increased 
by penetrating the region with the local stress 
from various directions and detecting multi- 
ple diffraction spots. We also detected non- 
overlapping diffraction spots from plastically 
deformed, millimeter-sized bulk steel with a 
large number of grains using a conical slit. 
Thus, we achieved the 3D visualization of the 
difference between type II and type III stress 
tensor fields (Fig. 1) (30). Although we still 
need to overcome some remaining limitations, 
such as intragranular averaging and artifacts 
for quantitative reconstruction (30), this dem- 
onstration reveals the existence of type III 
stress tensor fields with complex distributions 
and type ITI stresses that deviated greatly from 
type II stresses. These stresses are important 
for materials modeling. 

We conducted the scanning 3DXRD mea- 
surements at beamline BL33XU (31) of SPring-8 
for low-carbon steel with a mean grain size of 
20 um, a yield strength of cys = 230 MPa, a 
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tensile strength of org = 330 MPa, a uniform 
elongation of 10.5%, and a total elongation of 
25% (figs. S2 and S3). We illuminated a low- 
carbon steel sample with a 1 um-by-1 um x-ray 
microbeam. We detected diffracted beams 
through the conical slit as diffraction spots on 
an area detector (Fig. 1B). We continuously 
acquired diffraction images every 0.6° for 180° 
with an exposure time of 38 ms while we ro- 
tated the sample around its zg axis. We con- 
ducted this scan at an interval of 1.2 um in the 
y direction for 20 min. We repeated the 2D 
scan at an interval of 1.2 um in the g direction 
for 12 hours. We mapped the orientations of 
aFe and elastic strains for 37° voxels with a 
voxel size of 1.2 um by 1.2 um by 1.2 um using 
a cluster computer from 3.5 x 10° diffraction 
images acquired by the 3D scan. This task took 
1 week to complete. 

The sample was elongated by 5.1% in the z 
direction (Fig. 1A). After stress relaxation from 
302 to 290 MPa, we obtained the 3D maps of 
the elastic strains. The average of the type III 
longitudinal elastic strains, ¢,., after the 5.1% 
elongation agreed with the macroscopic strain 
of 1 x 10 at the macroscopic elastic limit. The 
averages of the type III transverse elastic 
strains, €,, and €,,, were —2 x 10°* and —3 x 
10~*, respectively, and they were consistent 
with the Poisson effect. Though the intragran- 
ular averaging remains, we observed type III 
strains of up to 2 x 10°? (Fig. 2A). We estimated 
the lower limits of the spatial resolutions to 
be two and four voxels for the type II long- 
itudinal and transverse strains, respectively, 
using a reconstruction simulation (30). Similar 
high intragranular local elastic strains have 
been found using high-angular resolution elec- 
tron backscatter diffraction (HR-EBSD) (32). 
The HR-EBSD method can detect higher local 
elastic strains (33) because of its higher spa- 
tial resolution compared with that of scanning 
3DXRD. However, HR-EBSD is limited to sur- 
face strain measurements. 

We converted the elastic strain tensors into 
stress tensors using the elastic stiffness con- 
stants of aFe and the grain orientations, thereby 
obtaining the 3D type III stress tensor fields 
(2D, see fig. S40 and movie S3; 3D, see fig. S42 
and movie S4). We then compared the type II 
and type III stress tensors (Fig. 2B). The type IT 
longitudinal stresses (o,) reached 500 MPa be- 
yond o7s, whereas the type II o, did not exceed 
Ors. The type I o, (average for all voxels) was 
240 MPa, which approximately agrees with 
the applied load. Even though no loads were 
applied in the transverse directions (#@ and 
y), we observed type III transverse stresses 
(o, and o,) comparable to ors. These high 
type III stresses were not observed before the 
5.1% elongation (2D, see fig. S36 and movie S1; 
3D, see fig. S38 and movie 82). 

In continuum mechanics and failure the- 
ories, many stress criteria have been proposed 


Hayashi et al., Science 366, 1492-1496 (2019) 


20 December 2019 


> 
Eng. stress [MPa] 
lon 
a 


0 2 4 
Eng. strain [%] 


Sr 


-100 es | OOMPa 


Gt 


-200 mm 200MPa 


ee 


5( mumnm 450 


-100 as | OOMPa 


Fig. 1. 3D type Il and type Ill stress tensor fields in plastically deformed bulk steel. (A) In situ stress— 
strain curve. After 5.1% elongation, the scanning 3DXRD measurement was conducted under an applied 
tensile load of 290 MPa, indicated by the red arrow and red dot. The tensile direction was parallel to the 

Z direction. Eng., engineering. (B) Schematic diagram of scanning 3DXRD setup with a conical slit. (C) 3D 
orientation map. Orientation is represented by the inverse pole figure for the tensile direction. (D to I) 3D grain- 
averaged (type II) maps of (D) o,, (E) oy, (F) 6, (G) ty, (H) tz, and (I) t,, where o, is a normal stress in 
the x direction and ty is a shear stress on the plane normal to the x axis acting in the y direction. (J to 0) 3D 
intragranular (type Ill) fields of (J) 6, (K) oy, (L) 6,, (M) ty, (N) tyz, and (0) t,.. 
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Fig. 2. Statistical comparison of type Il and type Ill stress tensors. (A) Histograms of the volume 


fractions of elastic strain tensors with a bin width of 1 x 10°*. (B) Histograms of the volume fractions of 
type Il and type Ill stress tensors with a bin width of 25 MPa. 
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Fig. 3. Type Ill stress tensor fields obtained before and after plastic deformation. (A) In situ stress— 
strain curve. Orientation maps and stress tensor fields were obtained at S; and Sz (stress-strain states 1 and 
2). (B) Histograms of the volume fractions of o, with a bin width of 25 MPa at S; and Sz. Histograms 

for the other strain and stress components are shown in figs. S44 and S45. 2D maps (z = 4.8 wm) of 

(C) orientation, (D) intragranular misorientation (IGM), and (E) kernel-averaged misorientation (KAM) 
obtained at S;, where KAM was evaluated in individual grains. (F to K) 2D fields of (F) oy, (G) oy, (H) o, 
(I) ty, (J) tyz, and (K) t,, obtained at S;. (L and M) 2D maps of (L) o, and (M) o,, obtained at S;, where 
Ge IS the equivalent stress and om is the mean stress. (N to P) 2D maps of (N) orientation, (O) IGM, 

and (P) KAM obtained at Sp. (Q to V) 2D fields of (Q) oy, (R) oy, (S) 6, (T) ty (U) tyz, and (V) t,, obtained at 
Sz. (W to Y) 2D maps of (W) Ge, (X) om, and (Y) 6m/ce obtained at Sz, where on/oe is the stress triaxiality. 
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Om/G¢ limits plastic deformation and leads to 
the growth and coalescence of voids that orig- 
inate at inclusions. We produced maps of o,, 
Om, and 6,,/6¢ in the xy plane from the type III 
stress tensors obtained before and after 5.1% 
elongation (2D, see Fig. 3, figs. S37 and S41, 
and movie S5; 3D, see figs. S39 and S43 and 
movie S6). Even under the small 5.1% elonga- 
tion, the highest type III o,,/o, was approx- 
imately three times as high as the average 
(0.35) and the macroscopic 6,)/6, (0.33) for 
uniaxial uniform elongation (fig. S45). This 
raises the question of how low-carbon steel 
can endure such high stress triaxiality until 
the total elongation at fracture. In general, 
plastic strain is coupled with stress triaxiality 
as a failure criterion. Although plastic strain 
cannot be directly derived, the increase in 
misorientation implies the production of plas- 
tic strain, because plastic deformation in 
low-carbon steel is caused by the slipping of 
crystal planes, which leads to local crystallo- 
graphic rotations. We observed deformation- 
induced local misorientations, as shown in 
the kernel-averaged misorientation (KAM) 
maps obtained before and after the 5.1% elon- 
gation (Fig. 3, E and P), where KAM was eval- 
uated in individual grains. We found that the 
positions of high KAM do not necessarily 
agree with those of high stress triaxiality, as 
shown in grains G, and G, (Fig. 3, P and Y). 
We speculate that low-carbon steel can en- 
dure high local stress triaxiality under the 
5.1% elongation because of the nonuniform 
distribution of plastic strain, where the small 
local plastic strain in the high-triaxiality re- 
gion is compensated by the large plastic strain 
in the adjacent region. The local plastic strain 
grows with further elongation and eventu- 
ally reaches the plastic failure strain in high- 
triaxiality regions. 

In addition to high type III o,,/o., we ob- 
served the coexistence of high and low o,,/62 
in single grains, which resulted in moderate 
type II o,/o¢, as Shown in G, (Fig. 3Y). We 
compared some type III and type II stresses as 
a function of position in the ay plane (Fig. 4). 
In G,, the type III o, ranges from 20 + 100 to 
470 + 170 MPa, and the type II o, is 280 MPa 
(Fig. 4D), where the measurement errors of 
the type III stresses were evaluated from the 
deviations of forces from equilibrium (30). The 
type III o, reaches 520 + 160 MPa inside G, 
(Fig. 4E) and 560 + 100 MPa near the grain 
boundary in grain Gz (Fig. 4H). In Gs, the 
type III 0, and o, range from 10 + 93 to 390 + 
94 MPa and from 10 + 130 to 430 + 140 MPa, 
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respectively, and the type II 6, and o, are 170 
and 90 MPa, respectively (Fig. 4, F and G). The 
type III 0, and o, reach compressive maximum 
values of -190 + 93 and —360 + 180 MPa, respec- 
tively, near the boundary in G, (Fig. 4, A and B). 

The macroscopic oys increases with decreas- 
ing grain size and satisfies the Hall-Petch equa- 
tion as a function of grain size. The Hall-Petch 
equation for low-carbon steel predicts that oys 
will increase from 234 MPa for a grain size of 
20 um to 700 MPa for a grain size of 1 um. The 
strong dependence of oys on grain size means 
that the plastic deformation resistance (pin- 
ning of dislocation propagation) is localized 
near grain boundaries. Therefore, local regions 
with high strength, including inclusions inside 
grains, may exist even in coarse-grained steel. 
Although the reconstruction became difficult 
for voxels near grain boundaries, the number 
of voxels with o, > 450 MPa was 0.3% of the 
total number of reconstructed voxels after plas- 
tic deformation. This means that 5% elongated, 
coarse-grained low-carbon steel with a grain 
size of 20 um contains tensile longitudinal 
stress corresponding to the oys of fine-grained 
low-carbon steel with a grain size of 3 um ata 
volume ratio of at least 0.3%. 

We achieved intragranular 3D stress tensor 
measurements for plastically deformed bulk 
polycrystalline materials by overcoming grain 
averaging. Although the intragranular aver- 
aging of stress fields remains, we determined 
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3D stress tensor fields with complex distribu- 
tions in individual grains for elongated bulk 
steel. The intragranular stresses we observed 
deviated by a value as high as the yield strength 
from the grain-averaged stresses. The stress 
fields were in highly triaxial stress states under 
plastic deformation smaller than the uniform 
elongation. The ability to nondestructively map 
intragranular 3D stress tensors voxel by voxel 
for multiple grains will facilitate the develop- 
ment of materials modeling for predicting 
the observed evolution of local stresses, stress 
triaxiality, and plastic strains as yielding and 
failure criteria. Advancement in multiscale 
materials modeling, which connects material 
responses at the nanoscale to the macroscopic 
mechanical behavior, is crucial for the quan- 
titative prediction of key properties concern- 
ing the plastic deformation, creep, fatigue, and 
fracture of engineering alloys. 
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Fig. 4. Type Ill stresses that deviated 
markedly from type II stresses as a function 
of position. Type Ill (A) o, and (B) oy at z = 
1.2 um and o, at (C) z = 1.2 um, (D) z = 6.0 um, 
and (E) z = 12.0 um, as a function of position 
in grain G;. Type Ill (F) o, and (G) oy at 

z = 18.0 um and (H) o, at z = 20.4 um, as a 
function of position in grain G3. The type Ill 
stresses were extracted from the unsmoothed 
stress maps shown in fig. S29 and movie S7. 
Type Il stresses are represented by solid lines, 
which are independent of position in each 
grain. Error bars indicate the measurement 
errors of the type Ill stresses, evaluated from 
the deviations of forces from equilibrium. 
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Dissipation-induced structural instability and chiral 
dynamics in a quantum gas 


Nishant Dogra*, Manuele Landini, Katrin Kroeger, Lorenz Hruby, Tobias Donner+, Tilman Esslinger 


Dissipative and unitary processes define the evolution of a many-body system. Their interplay gives rise 
to dynamical phase transitions and can lead to instabilities. In this study, we observe a nonstationary 
state of chiral nature in a synthetic many-body system with independently controllable unitary and 
dissipative couplings. Our experiment is based on a spinor Bose gas interacting with an optical 
resonator. Orthogonal quadratures of the resonator field coherently couple the Bose-Einstein condensate 
to two different atomic spatial modes, whereas the dispersive effect of the resonator losses mediates 
a dissipative coupling between these modes. In a regime of dominant dissipative coupling, we observe 

the chiral evolution and relate it to a positional instability. 


na many-body system, unitary processes 

generally give rise to coherent evolu- 

tion, whereas dissipative processes lead 

to stationary states (1). The interplay of 

these two types of processes in a driven- 
dissipative setting can influence a many-body 
system in profound ways. Examples are dis- 
sipative phase transitions (2-9), the emergence 
of new universality classes (JO, 11), dissipation- 
induced topological effects (12), complex dy- 
namics (13), and the splitting of multicritical 
points (/4). In this study, we observe a pheno- 
menon in which chiral nonstationary dynam- 
ics emerges if the energy scales of dissipative 
and unitary processes are similar. In our ex- 
periment, we use a quantum gas to create a 
driven many-body system with controllable 
unitary and dissipative couplings. This allows 
us to explore the system’s macroscopic behav- 
ior at the boundary between stationary and 
nonstationary states. We gain a conceptual 
understanding of the observed dynamics by 
considering dissipation as a structure-dependent 
force, analogous to mechanical nonconserva- 
tive positional forces (15-17). In addition, our 
observations permit us to draw connections 
to limit cycles (8, 19). 

Our experiment consists of a spinor Bose- 
Einstein condensate (BEC) of two different 
Zeeman states that is coherently coupled to 
two different spatial atomic configurations 
(20): One coupling induces a density mode 
(DM) in which the density of the gas shows a 
checkerboard modulation, whereas the other 
coupling favors a spin mode (SM) in which 
the gas instead develops a checkerboard mod- 
ulation of the spin degree of freedom (unit 
cells are shown in Fig. 1A). These coherent 
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couplings are mediated via photons scattered 
by the atomic system from a standing-wave 
transverse pump laser field into a high-finesse 
optical cavity mode (Fig. 1B). The DM and the 
SM interact with orthogonal quadratures 
of the cavity mode. We engineer a dissipa- 
tive coupling in this system, exploiting the 
finite cavity decay rate « and the associated 


phase shift of the intracavity field across the 
cavity resonance: The light field scattered 
from the pump into the cavity acquires a 
phase shift 6, that effectively mixes the ortho- 
gonal quadratures, giving rise to a dissipative 
coupling between the DM and the SM (Fig. 1, 
A and B). 

The strengths Ap and As of the coherent 
couplings between the BEC and the DM or 
the SM, respectively, are tuned by the lattice 
depth V;p and polarization angle ¢ of the trans- 
verse pump (20). These couplings soften the 
effective excitation frequencies wp and ws of 
both modes, such that at a critical lattice 
depth the frequency of the more strongly 
coupled mode vanishes. This mode can then 
be macroscopically occupied, and the system 
undergoes a self-organization phase transi- 
tion (21), breaking a spatial Z(2) symmetry. 
Simultaneously, the corresponding quadra- 
ture of the cavity mode is coherently pop- 
ulated, which we detect with a heterodyne 
detection system analyzing the light field leak- 
ing from the cavity (22). 

The cavity-induced phase shift o,. and hence 
the dissipative coupling strength K* between 


0 ub-a8 


Fig. 1. Engineered dissipative coupling. (A) A spinor BEC containing a mixture of two Zeeman 

states (depicted by up and down arrows) is coherently coupled with rates Ap and As to a DM and 

an SM, respectively, via the two quadratures of a cavity field with annihilation operator a. A dissipative 
coupling (orange arrow) between DM and SM is induced by the phase response of the cavity. 


Occupation of the DM (SM) leads to a density (spin 


modulation, displayed as atoms occupying the 


same (opposite) checkerboard lattice sites of an exemplary green (blue) two-by-two square unit 


cell of dimensions by A, where A is the wavelength 


of the transverse pump field (see below). 


(B) The spinor BEC is coupled with a cavity mode and irradiated by a standing-wave transverse pump 
in the z direction with linear polarization (black arrow) at angle @ with respect to the y direction. 


The magnetic field B is oriented 
rate « is analyzed via a heterodyne detector (HD). ( 


the cavity as a function of detuning Ac. (C) Dissipati 


along the z directio 


n. Light leaking out of the cavity at decay 
nset) Phase , and amplitude A response of 


on acts like a chiral force (orange); here, 


Xp (Xs) represents the amplitude of the density (spin) modulation. (D) Schematic representation of 
three different regimes as a function of dissipative coupling strength K* and detuning between the 


frequencies wp and ws of the D 


and SM, respectively. The green (blue) region represents the 


DM (SM) being dominantly coupled to the spinor BEC. 
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the two modes can be controlled by the detuning 
A. between the cavity resonance and the fre- 
quency of the transverse pump (23). The effect 
of this dissipative coupling can be understood 
in the #p-a#g plane, where ap and @#z repre- 
sent the amplitudes of the density and spin 
modulation [see below and (23)] caused by 
the occupation of DM and SM, respectively 
(Fig. 1C). In this plane, the dissipative coupling 
acts as a force field that favors a rotation of the 
system’s state around the origin: If the DM 
and the SM are degenerate, even an infini- 
tesimally small dissipative coupling leads to a 
dissipation-induced structural instability (DSI) 
in which the system rotates with fixed chirality 
between the different atomic modes. The 


(rad) 


Vrp (Er) 
0 6\}13 19 


15 


26 32 0 6 


v (kHz) 
co) 


0 10 20 30 40 500 = 10 
Time (ms) 


20 30 40 50 0 
Time (ms) 


strength of the resulting force field increases 
with the strength of the dissipative coupling, 
such that the instability occurs also for in- 
creasingly nondegenerate modes, as qualita- 
tively shown by the broadening of the DSI 
region in the schematic in Fig. 1D. 

We prepare the *’Rb spinor BEC with N = 
(23 + 2) x 10® atoms in each of the different 
Zeeman states |F = 1, mp = +1), where F and 
mM, denote the total angular momentum and 
the corresponding magnetic quantum number, 
respectively. We linearly ramp up the lattice 
depth of the transverse pump in 50 ms and 
analyze the cavity output with our heterodyne 
setup. In Fig. 2, A and B, we show the mean 
photon number 7, and phase o (modulo 27) 
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Fig. 2. Detection of the DSI. (A and B) Time evolution of the mean number of photons np, (black) in 

the cavity and the corresponding phase ~ modulo 2x (orange) for (A) @ = 58.3(1.0)°, A,/2x = —5.5(1)MHz 
and (B) @ = 63.3(1.0)°, A, /2x = —5.5(1)MH7z. The detuning A, includes the effect of the atomic dispersive 
shift on the detuning A, (23). The linear ramp of the lattice depth Vrp of the transverse pump is shown 

as dashed blue line. Gray and light orange lines correspond to zero occupation of the cavity. (C to E) 
Spectrograms showing the mean number of photons Mph as a function of frequency v and time for (C) 

e = 58.3(1.0)°, A,/2n = —5.4(2) MHz; (D) @ = 63.3(1.0)°, A, /2n = —2.5(2) MHz; and (E) @ = 58.3(1.0)°, 
A. /2m = —2.4(2) MHz. A window size of 5 ms is used to construct the spectrograms, and each data set is 
averaged over 20 experimental realizations. Frequency v is defined relative to the transverse pump. Corresponding 
insets show the evolution of the atomic state in the xp-xs plane extracted from the spectrograms 

in a duration of 500 us at the position of the gray lines. In the inset to (C), we plot the data and its mirror 
about xs to illustrate the Z(2) symmetry breaking of the self-organization phase transition. Dashed lines in the 
insets to (D) and (E) are the qualitative predictions of the noninteracting theory for vanishing gain (Eq. 3). 

All insets are rescaled with respect to each other and the theoretical lines for better visibility. Linecuts through 


spectrograms for similar data are presented in (23). 
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of the intracavity light field for two different 
sets of parameters. We find two qualitatively 
different behaviors: Above a critical pump 
power, the cavity field has a nonzero ampli- 
tude and either a well-defined (Fig. 2A) or a 
monotonically changing phase (modulo 27; 
Fig. 2B). A well-defined phase indicates that 
only one quadrature of the cavity field is ex- 
cited, corresponding to either the SM or the 
DM being populated, which is determined by 
the prevailing coherent coupling. In contrast, 
a monotonically changing phase is observed 
when the dissipative coupling is dominant and 
signals that the system is continuously evolving 
through the different spatial modes linked with 
the two quadratures of the cavity field. 

The many-body Hamiltonian of the system 
is given by 


A = —hA.@'G + hoo(Jz4 +J2_) 


lita’ + @)(Fn4 +Fa,-) 
ing(@* —a)Fer—Je)] 


where @(@") is the annihilation (creation) 
operator corresponding to the y-polarized 
cavity mode in the frame of the transverse 
pump frequency. The atomic system is rep- 
resented by an ensemble of N effective “spins” 
in each of the two Zeeman states (labeled 
with +), with J ty y+, and J z+ being the cor- 
responding angular momentum operators. This 
pseudo-spin is constructed from the macro- 
scopically occupied zero momentum state |0) 
of the BEC and an excited state |k) with a 
symmetric superposition of four momentum 
states |p, = +hk, p, = +hk), which represent 
one recoil momentum /ik each in the cavity 
and the transverse pump direction (27). The 
wave number of the transverse laser field with 
wavelength A is given by k = 2n/2. For zero 
lattice depth Vp of the transverse pump, the 
energy difference between the states |0) and 
|k) is hy = 2ER = hk? /m, where m is the 
mass of a ®’Rb atom and A is Planck’s con- 
stant divided by 2z. The first two terms in 
Eq. 1 describe the energies of the bare pho- 
tonic and atomic modes, respectively, whereas 
the third term captures the couplings of 
the DM and the SM to the respective quad- 
ratures of the cavity field (23). In this frame- 
work, the amplitudes of the DM and the 
SM are given by ap = 5 ((Fu+) + J2,-)) and 
Xs = 7 (Vx,+4) — Va,—)), respectively. 

The damping of the cavity mode can be 
modeled by a decay term — xa" in the equation 
of motion of the operator a’ It causes a phase 
shift 6, = tan~!(—«/Ac) of the field scattered 
into the cavity by the atomic system. We 
adiabatically eliminate the cavity field and 
write the linearized equations of motion 
near the ground state of the noninteracting 
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Fig. 3. Boundary of the instability-dominated 
regime. (A) Critical detuning, including the 
dispersive shift (23), for the onset of the 
dissipation-induced instability as a function of 
polarization angle @. The black data points indicate 
the smallest detuning, where the strength of the 
sidebands becomes larger than the signal at 

the transverse pump frequency in the spectrograms 
for a fixed lattice depth of 21Ep. The white diamonds 
ndicate the parameters for the spectrograms shown 
in Fig. 2, C to E. Error bars are given by the discretized 
detuning interval in which the transition was 
detected. The polarization angle determination has 
an error of 1° The green and blue regions 
correspond to DM and SM being respectively 

more strongly coupled to the spinor BEC. In the 
orange region, the system is dominated by the 
dissipation-induced instability. The boundary 
between different regions is obtained from a 
noninteracting theory [see main text and (23)]. 

(B) Green and blue solid (dashed) lines show the 
frequency v of the two eigenmodes of the system as 
a function of the polarization angle in the presence 
(absence) of dissipative coupling. Without dissipation, 
the two modes are the DM (green) and the SM 
(blue). Dissipation leads to level attraction between 
the two modes and hence changes their frequencies. 
In the instability-dominated regime, the two modes 
are synchronized (orange). Correspondingly, the gains 
g of the amplified mode (black) and the damped 
mode (gray) are plotted. The lines are drawn 

for Ac /2n = —2.7MHz or Ac /2m = —4MHz and 

Vip = L.5Ep. 


spinor BEC for the average amplitudes 2p 


and &s (23) 
ae Xp = —On —K 2 40) (2) 
dt? \ &s — K? = Os Xs 
where of — mg sindo with 50 = 2tan~'(As/ 
dp) — 2/2 is a measure of the relative coupling 
strength of the BEC to the SM and the DM. 
The strength of the dissipative coupling K? < 
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Vrpsin? ,,cosd@ can thus be enhanced by either 
increasing the cavity-induced phase shift or 
making the two modes degenerate. This dis- 
sipative coupling generates a chiral force 
orthogonal to the current position vector of 
the system in the 2p-as plane (Fig. 1C) and pro- 
vides an example of a positional force (17, 24). 
Such positional forces are known in mecha- 
nical systems such as a rotating shaft subject 
to friction caused by an incompressible vis- 
cous fluid in a bearing. The incompressibility 
of the fluid leads to unequal frictional forces 
on opposite sides of the shaft, resulting in a 
positional force orthogonal to the direction 
of the displacement (15, 16). These positional 
forces represent the only possible linear mechan- 
ical forces besides conservative trapping forces, 
centripetal forces, and frictional forces (23). In 
our system, when the two atomic modes are 
degenerate, this positional force cannot be 
counteracted by the restoring harmonic force 
pointing toward the origin, thus leading to a 
dissipation-induced structural or positional in- 
stability (17, 24, 25). 

Mode degeneracy (i.e., Ap = Ag such that 
5 = 0) is reached at the critical polarization 
angle ~, = 65.1° for the chosen wavelength 
of the transverse pump of A = 784.7 nm. To 
explain our observations, we analyze the solu- 
tions of Eq. 2 and the corresponding intra- 
cavity light field for polarization angles close 
to ~,—that is, for a small 5 (23) 


[ap, a] = A cose, sin (o + *50) | es 


In the limit 5 = 0, this time-dependent sol- 
ution implies that the system is rotating in the 
Xp-Ws plane with fixed chirality at frequency 
and amplification rate g (additionally, t is time 
and A is the amplitude at t=0) (23). Microscop- 
ically, this rotation is associated with the 
atomic spins moving from one A-periodic spa- 
tial pattern to another (Fig. 1C). Because the 
two atomic modes are connected to different 
quadratures of the cavity, the phase of the 
cavity field evolves monotonically, as observed 
in Fig. 2B and shown in Eq. 3. 

The frequency spectrum of the light leaking 
from the cavity is also accessible with our het- 
erodyne setup (22). Figure 2, C to E, shows 
spectrograms for three different sets of param- 
eters of data similar to Fig. 2, A and B, but 
averaged over 20 repetitions. Figure 2C shows 
a spectrogram where the signal is located at 
zero frequency (v = 0). It corresponds to the 
frequency of the transverse pump and is iden- 
tical to the observation of a constant time 
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phase of the cavity field, as shown in Fig. 2A. 
We identify this as the formation of a static 
checkerboard density pattern that coherently 
scatters the pump field into the cavity (20, 23). 
The corresponding steady state of the system 
is displayed in the inset to Fig. 2C. 

In contrast, Figs. 2, D and E, depict red (v < 
0) and blue (v > 0) detuned sidebands with the 
peak frequency being a function of the lattice 
depth of the transverse pump. Observation of 
only ared sideband, as in Fig. 2D, is equivalent 
to a linearly running phase. For small lattice 
depths (Vp < 6E), the sideband frequency is 
expected to be close to the root mean square 
@. of the two mode frequencies—that is, 
© © W = \/(@p + @g)/2. Evolution at this 
intermediate frequency reflects a synchroni- 
zation process (26) between the two spatial 
modes arising from the dissipative coupling. 
For large lattice depths, the sideband fre- 
quency depends on the dissipative coupling 
strength: w ~ K?/2|w.| (23). In this limit, the 
two mode frequencies become imaginary, cor- 
responding to the self-organization phase tran- 
sition in the absence of dissipative coupling. 

The relative strength R of the blue with re- 
spect to the red sideband increases toward 1 as 
¢ deviates from the critical angle ~,. The pres- 
ence of the blue sideband is connected to 
nonzero 56 (Eq. 3) and leads to an elliptical 
evolution in the #p-as plane. The relative 
strength R, and hence the ellipticity of the 
chiral solution, can be influenced via A; or 
|8|. Microscopically, the blue sideband is 
connected to the motion of a different number 
of atoms in each Zeeman state. The insets to 
Fig. 2, D and E, show data of the time-varying 
trajectory of the system together with solu- 
tions obtained from Eq. 2 for g = 0, illustrating 
the nonstationary chiral state. When prepar- 
ing the system in the DSI at a fixed lattice 
depth, we observe a narrow red sideband that 
persists over tens of milliseconds (23), corre- 
sponding to a uniform circular motion in the 
Xp-Xs plane. This observation hints at the pres- 
ence of a limit cycle in our system (8, 19). 

Our mean-field description of the system in 
terms of a positional instability does not de- 
scribe all aspects of the observed dynamics. 
For example, the number of photons in the 
case of the DSI (Fig. 2, D and E) is much 
smaller than during self-organization (Fig. 2C), 
although the instability is associated with a 
finite amplification rate g. Even the limit cycle- 
like behavior persisted for a long time without 
much increase in the corresponding amplitude. 
Moreover, there is a finite lattice depth thresh- 
old for the onset of the DSI (Fig. 2B), although 
g is positive for infinitesimal lattice depths. We 
attribute this, as well as the observed pulsing 
behavior in the number of photons (Fig. 2B), 
to collisional interactions between the atoms 
(23). Such a behavior of collisional interac- 
tions can possibly be modeled as an atomic 
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dissipation channel that competes with the 
cavity-induced instability. Similar competi- 
tions between multiple heat baths are pre- 
dicted to give rise to dissipative frustration 
(27, 28). 

We experimentally map out the boundary 
of the DSI region by ramping up the trans- 
verse pump lattice to 25ER in 50 ms for various 
polarization angles ~ and detunings A, (Fig. 
3A). For a given polarization angle, we define 
the onset of the DSI by the minimum detuning 
where the strength of the sidebands exceeds 
the signal at the transverse pump frequency. 
We theoretically obtain the boundary of the 
DSI (orange region in Fig. 3A) from Eq. 2 as 
|, — wg| = 2K*, which results in a critical 
detuning A.» = —K/tan|so|. A study of the 
extent of the DSI as a function of polariza- 
tion angle and transverse pump lattice depth 
is presented in (23). 

Physically, the boundary of the DSI can be 
understood as the onset of synchronization 
between DM and SM. Such a synchronization 
process is the result of a dissipation-induced 
level attraction, a hallmark of non-Hermitian 
systems (29, 30). Figure 3B shows the frequen- 
cies of the DM and SM in the absence (dashed 
lines) and presence (solid lines) of dissipation. 
In the vicinity of the critical angle, this level 
attraction leads to the emergence of two de- 
generate modes with opposite chirality. Whereas 
one of these modes is damped, the other is 
amplified, which gives rise to the DSI. Similar 
forms of level attraction leading to instability 
are observed in optomechanical systems (31) 
and, in general, in non-Hermitian photonic 
systems, where they can be associated with 
parity-time symmetry-breaking phase transi- 
tions (30) and exceptional points (32, 33). We 
have experimentally studied a many-body sys- 
tem in which both coherent and dissipative 
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couplings are independently tunable. Our ob- 
servation of a dissipation-induced instability 
represents a form of quantum many-body dy- 
namics that shares characteristics with but is 
distinct from limit cycles (18, 19, 34) and time 
crystals (35, 36). 
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MECHANOCHEMISTRY 


Redox reactions of small organic molecules using ball 
milling and piezoelectric materials 


Koji Kubota”*, Yadong Pang’, Akira Miura“, Hajime Ito 


1,2% 


Over the past decade, photoredox catalysis has harnessed light energy to accelerate bond-forming reactions. 
We postulated that a complementary method for the redox-activation of small organic molecules in 
response to applied mechanical energy could be developed through the piezoelectric effect. Here, we 
report that agitation of piezoelectric materials via ball milling reduces aryl diazonium salts. This mechanoredox 
system can be applied to arylation and borylation reactions under mechanochemical conditions. 


isible light photoredox catalysis repre- 

sents a recent key development in con- 

temporary organic synthesis (J-5). In 

these transformations, the photoexcited 

catalyst can act as a potent single-electron 
oxidant, transferring an electron to an accep- 
tor, after which single-electron oxidation ofa 
donor affords the product under concom- 
itant regeneration of the ground-state catalyst 
(Fig. 1A). The broad success of photoredox 
catalysis hinges on the susceptibility of the 
coupling partners to redox activation and en- 
suing bond-forming reactions with high levels 
of efficiency and selectivity. 

There has also been substantial parallel 
progress in mechanochemical organic trans- 
formations using ball milling (6-78). Since the 
term mechanochemistry was introduced by 
Ostwald in 1887, mechanochemical synthesis 
has been extensively exploited in materials 
science (6-8), polymer chemistry (9), and in- 
organic synthesis (8), but its application to 
organic synthesis is more recent (10-18). Ad- 
vantages of mechanochemical synthesis using 
ball milling include the avoidance of poten- 
tially harmful organic solvents and external 
heating, shorter reaction times, and simpler 
operational handling. Additionally, mechano- 
chemical reactions are particularly useful for 
substrates that are poorly soluble in com- 
mon organic solvents. 

Inspired by the unique profile of photoredox 
systems based on light irradiation and the 
utility of ball milling in mechanochemistry, 
we hypothesized that redox activation of small 
organic molecules could be achieved through 
a mechanistically distinct approach using 
mechanical energy (19-22). Specifically, we 
envisioned that the agitation of piezoelectric 
materials (23-35) via ball milling could gen- 
erate temporarily highly polarized particles. 
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These particles might act as strong reductants 
to transfer electrons to small organic mole- 
cules, followed by oxidative quenching of a 
donor, thereby inducing the selective forma- 
tion of bonds in a manner analogous to pho- 
toredox catalysis (Fig. IB). Such a mechanoredox 
approach could potentially represent a power- 


A Photoredox system 
(well-established) 


Photo- 


+ 


Ir[dF(CF3)ppy](dtbpy)* 


B Mechanoredox system 
(this work) 


impact 


Ball mill and 
piezoelectric materials 


BaTiO; 


i \ SET SET 
x from from 
R BaTiO3 BaTiO3 
3 
\ ON. 
x x” 2 
R —______ 
II ‘ 


Mechanoredox arylation pathway 


8 


ful and attractive strategy to reduce the en- 
vironmental impact of chemical processes; 
photoredox approaches, similarly to other con- 
ventional organic reactions, often require com- 
plicated reaction setups, substantial amounts 
of dry and degassed organic solvents, and an 
inert gas atmosphere (1-5). 

For a proof-of-concept study, we selected 
commercially available, inexpensive, and easy- 
to-handle BaTiO; nanoparticles as the piezo- 
electric material (Fig. 1B). This choice was 
motivated by pioneering studies, in which ultra- 
sonic agitation of BaTiO; produces a suitable 
electrochemical potential to overcome the water 
splitting potential (1.23 V) (28, 29) and reduce a 
N,N,N'.N'.N".N"-hexamethyl[tris(aminoethyl) 
amine] (MesTREN)-ligated CuBr. complex, 
which has a reduction potential of -0.30 V 
[versus saturated calomel electrode (SCE)] 
(29, 36). These studies suggested that mechanical 
agitation of BaTiO, in a ball mill could gen- 
erate an electrochemical potential suitable for 


General photoredox paradigm (oxidative quenching) 
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Fig. 1. Working hypothesis for a mechanoredox system for the activation of small organic molecules in 
organic synthesis. (A) A commonly employed photoredox catalyst and a generic photoredox oxidative quenching 
cycle. A, acceptor; D, donor. (B) Proposed mechanoredox paradigm using a ball mill and a piezoelectric material. 
(C) Proposed mechanism for the mechanoredox arylation and borylation using BaTiO3 and ball milling. tBu, tertiary 
butyl; ppy, (2-pyridinyl)phenyl; dtbpy, 4,4'-di-tert-butyl-2,2'-bipyridine; pin, pinacolato; R, substituent. 
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the activation of redox-active, small organic 
molecules in organic synthesis. 

The photoredox systems that activate aryl 
diazonium salts for coupling with heteroar- 
enes (37) or borylation (38) have been reported 
by Konig and Yan, respectively. The key step in 
these transformations is the photochemical 
reduction of aryl diazonium salts to aryl rad- 
ical species. Andrieux and Pinson have reported 
a reduction potential of -0.16 V (versus SCE) 
for phenyl] diazonium tetrafluoroborate (39), 
which was within range for feasible redox ac- 
tivation using BaTiOs. In our postulated mech- 
anism (Fig. 1C), the agitation of BaTiOs via ball 
milling generates a temporary electrochemical 
potential in response to mechanical impact. 
According to the aforementioned inorganic 
studies (28, 29), the temporary polarization 
should be sufficiently persistent to reduce an 
aryl diazonium salt (1) via a single-electron 
transfer (SET) mechanism analogous to the 
photoredox reaction, to furnish the corre- 
sponding aryl radical I. The addition of I to 
heteroarene 2 would afford radical addition 
intermediate II, which would be subsequently 
oxidized by the hole in the agitated BaTiO, to 
form carbocation intermediate TI (37). Final- 
ly, deprotonation of IMI would lead to aryla- 
tion product 3. In the borylation (38), the 
generated radical I reacts with bis(pinacolate) 
diboron (4), to cleave the B-B bond, result- 
ing in the formation of the boryl substitution 
product 5 as well as radical anion intermed- 
iate IV. Subsequently, oxidation of IV by the 
agitated BaTiO, could form F—B(pin) (V) as a 
by-product. 

To explore this mechanistic hypothesis, we 
first attempted the proposed mechanoredox 
C-H arylation with la and furan (2a) in the 
presence of commercially available BaTiO;, 
using a Retch MM400 mixer mill (1.5-ml stain- 
less steel milling jar with 5-mm diameter stain- 
less steel ball) (Fig. 2A). The corresponding 
arylation product (3a) was obtained in 40% 
yield after milling at 20 Hz for 1 hour under 
air. The reaction did not proceed in the ab- 
sence of BaTiOsz, suggesting that the mechani- 
cal energy provided by ball milling generated 
the piezoelectric potential to reduce la. In 
contrast, even when ultrasound irradiation 
was applied to the mixture with BaTiOs in 
dimethyl] sulfoxide (DMSO) under a nitrogen 
atmosphere, the formation of the product was 
not observed. A small amount of 3a was ob- 
tained when the reaction was carried out in 
the presence of SrTiO3, which exhibits piezo- 
electric properties upon applying in-plain 
strain (40). When using non-piezoelectric ce- 
ramic materials, such as TiO2, BaCOs, or Al2Os, 
the reaction did not proceed, which suggests 
that piezoelectric materials are essential for this 
arylation reaction. We found that conducting 
the reaction at higher ball-milling frequency 
(30 Hz) substantially improved the yield (81%). 
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A Oo 9 
\ a w* 
| Oo” 2a NoBF4 4 B(pin) 
too i ___- 
cl ball milling cl ball milling (30 Hz) Cl 
catalyst (5 equiv) LAG (0.12 j1L/mg) 5a 
3a under air, 1h 1a BaTiO; (5 equiv) 

under air 


Optimization for mechanoredox arylation 


milling NMR yield 

catalyst frequency (Hz) of 3a (%) 
BaTiO3 20 40 
none 20 <1 
BaTiO3 = <1* 
SrTiO3 20 3 
TiOz 20 <1 
BaCO3 20 <1 
AlnO3 20 <1 
BaTiO; 30 81 
LINbO3 30 24 
ZnO 30 15 


*In DMSO with ultrasound under No. 


Optimization for mechanoredox borylation 


NMR yield 

LAG time (h) of 5a (%) 
none 1 21 
MeCN 1 54 
DMF 1 37 
DMSO 1 13 
toluene 1 11 
hexane 1 15 
MeCN 1.5 62 
MeCN 3 89 
MeCN 3 <1* 


*Reaction was carried out without BaTiO3. 


Fig. 2. Mechanoredox arylation and borylation using mechanical force. (A) Optimization of the 


mechanoredox arylation and borylation reactions. (B) 
of 2a after grinding in a ball mill. A stainless steel mi 
5 mm) were used. See supplementary materials for d 


This result is consistent with our hypothesis 
that the required piezoelectric potential is gen- 
erated by mechanical force provided by the 
ball milling of BaTiO3. Using other piezoelec- 
tric materials, such as LiNbO; and ZnO, also 
afforded 3a, albeit in lower yield (24% and 
15%, respectively). Using a bigger jar (5.0 ml) 
and ball (7.5 mm) provided 3a in high yield 
(82%, table S2). Product 3a was isolated by 
filtration of the obtained crude solid mixture 
(Fig. 2B), followed by column chromatography 
on silica gel. 

We then investigated the possibility of mech- 
anoredox borylation using the same setup 
(Fig. 2A). We found that the borylation of la 
with 4 in the presence of BaTiO; afforded 
the desired arylboronate (5a) in 21% yield. 
Next, we attempted to improve the reactivity 
by using liquid-assisted grinding (LAG), in 
which a substoichiometric amount of liquid 
is added (41). In all LAG reactions, the ratio 
of liquid additive (microliters) to reactant 
(milligrams) was 0.12. Use of acetonitrile 


Reaction mixture of the mechanoredox arylation 
ling jar (1.5 ml) and a stainless steel ball (diameter, 
etails. equiv, equivalent; h, hour. 


yield of 5a, whereas other common solvents, 
such as N,N-dimethylformamide (DMF), DMSO, 
toluene, or hexane, led to little or no improve- 
ment. We also found that prolonging the re- 
action time led to a higher yield of 3a (89%) 
when MeCN was used as the LAG additive. 
Using a bigger jar (5.0 ml) and ball (7.5 mm) 
did not substantially affect the transformation 
(86%, table S3). The reaction without BaTiO; 
did not proceed, supporting our mechanistic 
hypothesis. Compared with the analogous pho- 
toredox reaction, the present mechanoredox 
borylation exhibited much faster reaction ki- 
netics and a better product yield (38). 
Subsequently, we explored the scope of the 
mechanoredox arylation reaction with various 
aryl diazonium salts using a 5-ml stainless steel 
milling jar with a 7.5-mm diameter stainless 
steel ball (Fig. 3A). Electron-deficient aryl dia- 
zonium salts (1a to Ih) were converted into the 
desired products (3a to 3h) in good yield under 
the optimized conditions. Simple aromatic 
substrates (1i to 1k) also reacted to give the 


(MeCN) as the LAG additive improved the 
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Fig. 3. Scope of the 
mechanoredox arylation 
and borylation reactions 
using aryl diazonium 
salts. Data for each entry 
(in bold) are reported 

as isolated yield percentages. 
Proton NMR integrated 
yields are shown in parenthe- 
ses. (A) Substrate scope 

of the mechanoredox aryla- 
tion of heteroaromatic 
compounds. (B) Substrate 
scope of the mechanoredox 
borylation of aryl diazonium 
salts. Reactions were per- 
formed at 0.3 mmol scale 
using a stainless steel milling 
jar (5 ml) and stainless steel 
ball (diameter, 7.5 mm). 
Arylation conditions: 

1(0.3 mmol), 2 (4.5 mmol), 
and BaTiO3 (1.5 mmol). 
Borylation conditions: 

1(0.3 mmol), 4 (0.3 mmol), 
BaTiO3 (1.5 mmol), and 
MeCN (0.12 wL/mg). See 
supplementary materials 

for details. Me, methyl: 

Boe, tertiary butoxycarbonyl. 


3 
41% yield 


ON 


3ma 


cl Br 
5a 5b 
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(86% NMR) 
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yield. However, in the case of an electron-rich, 
methoxy-substituted diazonium salt (11), the 
product (31) was obtained in relatively low 
yield. This was probably due to the relatively 
high reduction potential of 11. Other hetero- 
arenes, namely, thiophene and pyrrole, suc- 
cessfully reacted to form the desired products 
(3m and 3n). Arylation reactions using thienyl 
diazonium salts afforded the corresponding 
heterobiaryls (30 and 3p), which are typical 
structural motifs for organic semiconductors 
(42). Minor regioisomers (8mb and 3pb) were 
observed as competing products in the reac- 
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tions with thiophene, whereas the photoredox 
system developed by K6nig and co-workers, 
using eosin Y, produced 3ma and 3pa as 
single isomers (37). We also confirmed that the 
developed mechanoredox borylation conditions 
were applicable to a variety of aryl diazonium 
salts (Fig. 3B). 

To demonstrate the practical utility of this 
protocol, we investigated a gram-scale synthe- 
sis of heterobiaryls under the developed mech- 
anoredox conditions, as well as the recycling 
of BaTiO (Fig. 4, A and B). The mechanoredox 
C-H arylation of furan (2a) with 1o was car- 


20 December 2019 


ried out on an 8-mmol scale in a 25-ml stain- 
less steel ball-milling jar with one 15-mm 
diameter stainless steel ball, affording 30 in 
71% yield (Fig. 4A). After separation from the 
crude reaction mixture and washing, BaTiO, 
could be reused for the mechanoredox aryla- 
tion of furan (2a) under the same reaction 
conditions at least three times before the yield 
of 3k declined substantially (Fig. 4B). 

Direct C—-H arylation of polycyclic aromatic 
hydrocarbons (PAHs) has attracted considerable 
interest (43, 44) on account of their role in organic 
light-emitting diodes, organic photovoltaics, 
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A Gram-scale synthesis 


Fig. 4. Exploration of a 
gram-scale synthesis, cat- 
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78% yield 
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ww 
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DMSO, rt, 2h 


BaTiO; (5 equiv) 
MeCN (0.12 ptL/mg) 


ball milling (30 Hz) \ 
tf under air, 1h 


+ 43% yield 


6b no reaction 


organic semiconductors, and organic thin- 
film transistors. With this in mind, we con- 
ducted a preliminary investigation of the 
feasibility of the C—H arylation of PAHs using 
our mechanoredox approach (Fig. 4C). The re- 
action of If with pyrene (6a) in the presence of 
BaTiO; and a small amount of MeCN as the 
LAG additive afforded the desired C-H aryla- 
tion product (7aa) in good yield with high 
regioselectivity (7aa:7ab = 92:8). Furthermore, 
coronene (6b) was also arylated in moderate 
yield under the mechanoredox conditions. 
When the arylation of coronene (6b) was at- 
tempted via K6nig’s photoredox procedure using 
eosin Y, no reaction occurred (37). This was 
probably due to the low solubility of coronene 
(6b) in the polar solvents required for such 


Kubota et al., Science 366, 1500-1504 (2019) 


photoredox reactions. These results demon- 
strate the promising potential of the mecha- 
noredox arylation as an operationally simple 
and mild route to synthesize functionalized 
PAHs from poorly soluble substrates that are 
incompatible with photoredox conditions. 
We postulated that the mechanoredox C-H 
arylation and borylation were proceeding via 
SET events, in which an aryl radical is gener- 
ated through piezoelectric reduction (Fig. 1C); 
this assumption is supported by the results of 
preliminary mechanistic investigations (Fig. 5). 
When 2,2,6,6-tetramethylpiperidinoxyl (TEMPO) 
(8) was treated with aryl diazonium salt 1a in 
the absence of furan (2a), the TEMPO-trapped 
intermediate 9 was obtained (Fig. 5A). Fur- 
thermore, the addition of TEMPO (8) to a re- 
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oe 
Se YY 


action mixture containing la, furan (2a), and 
BaTiOs halted the arylation process, and the 
TEMPO-trapped intermediates 9 and 10 were 
detected (Fig. 5A). Compound 10 might have 
been formed through the reaction of TEMPO 
(8) with the intermediate IT (Fig. 1C), followed 
by oxidative aromatization by BaTiOs or at- 
mospheric oxygen. Overall, the identified 
compounds suggest that the mechanoredox 
activation with BaTiO; proceeds via a radical 
pathway. 

We used a scanning electron microscopy 
(SEM) analysis to confirm that the mechanical 
stimulus provided by ball milling is transferred 
onto the BaTiO; particles under the applied 
conditions (Fig. 5B) (24). The SEM image of 
commercially available BaTiO; powder shows 
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Fig. 5. Mechanistic studies. (A) Radical scavenger experiments. (B) SEM images of BaTiO3 particles (i) before 
and (ii) after ball milling (30 Hz; 60 min). (C) Thermographic image of the milling jar after the mechanoredox 
arylation of 2a with la. See supplementary materials for details. GC-MS, gas chromatography—mass spectrometry. 


a regular shape of the BaTiOs particles before 
the reaction (approximate size, <’75 um) [Fig. 
5B (i)]. Subsequently, the powder was sub- 
jected for 60 min to ball milling at 30 Hz and 
then analyzed by SEM. The resulting image 
clearly shows a pronounced distortion of the 
shape and a decrease in the size of the BaTiO, 
particles [Fig. 5B (ii)]. These results suggest 
that the mechanical stimulus provided by ball 
milling is efficiently transferred onto the BaTiO 
particles, which would result in the generation 
of localized electrochemical potentials on the 
surface of the BaTiO; particles that can be used 
for the activation of the aryl diazonium salts. 

To investigate whether the friction during 
ball milling generates a thermal effect, the tem- 
perature inside the milling jar during the mech- 
anoredox arylation of 2a with la was measured 
using thermography immediately after opening 
the jar (Fig. 5C). The crude mixtures were pre- 
pared under optimized conditions. The obtained 
image showed that the temperature after aryla- 
tion in the ball mill was around 30°C, which 
discounts the possibility of thermal activa- 
tion of the aryldiazonium salts generating aryl 
radical species by the heat provided from ball 
milling. 

To demonstrate the robustness of the mech- 
anoredox transformations, we conducted the 
borylation of 1k with BaTiO, in air using a 
hammer (fig. S8 and movie S1). First, the re- 
action mixture was prepared by gentle grind- 
ing in a mortar. Subsequently, the mixture was 
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wrapped in a piece of a weighing paper and 
placed in a zipper-locking plastic bag, followed 
by striking with a hammer over 200 times. 
Even under these crude conditions, the mech- 
anoredox borylation product 5i was obtained 
in 43% yield, as assessed by nuclear magnetic 
resonance (NMR) integration. 

The present mechanoredox reactions can be 
carried out on gram scale without the use of 
large amounts of dry and degassed organic 
solvents in air, and the reactions do not re- 
quire special operating conditions. This oper- 
ational simplicity suggests that the present 
approach may complement existing photo- 
redox transformations in a practical and en- 
vironmentally friendly manner. Beyond the 
immediate benefits of this protocol, our strat- 
egy could be applicable to light-sensitive or 
light-absorbing substrates that cannot be sub- 
jected to conventional photoredox systems. 
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Intermediate bosonic metallic state in the 
superconductor-insulator transition 


Chao Yang", Yi Liu”**, Yang Wang?, Liu Feng’, Qianmei He’, Jian Sun’, Yue Tang”*, Chunchun Wu?, 
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Jie Xiong'+, Wanli Zhang’, Xi Lin?*+5, Hong Yao*”, Haiwen Liu®, Gustavo Fernandes®, Jimmy Xu??°, 
James M. Valles Jr2°+, Jian Wang??>7+, Yanrong Li? 


Whether a metallic ground state exists in a two-dimensional system beyond Anderson localization 
remains an unresolved question. We studied how quantum phase coherence evolves across 
superconductor-metal-insulator transitions through magnetoconductance quantum oscillations 

in nanopatterned high-temperature superconducting films. We tuned the degree of phase 

coherence by varying the etching time of our films. Between the superconducting and insulating 
regimes, we detected a robust intervening anomalous metallic state characterized by saturating 
resistance and oscillation amplitude at low temperatures. Our measurements suggest that the 
anomalous metallic state is bosonic and that the saturation of phase coherence plays a prominent 


role in its formation. 


he scaling theory of localization predicts 

that metallic states are absent at zero 

temperature in two-dimensional (2D) 

disordered systems because of quantum 

interference (/, 2). Consistently, when 
electrons form Cooper pairs in 2D disordered 
systems, the ground state should be a super- 
conductor or an insulator. Nevertheless, ap- 
proaching zero temperature, an anomalous 
metallic state has been experimentally ob- 
served (3-15) that shows a residual resistance 
far below the quantum resistance at low tem- 
peratures. The existence and origin of this un- 
expected metallic state are intensely debated 
(16-25). 

The resistance saturation as a characteristic 
of an anomalous metallic state in 2D super- 
conductors (3-15) has been experimentally ob- 
served in the ultralow temperature regime. 
However, extrinsic effects such as noise and 
carrier overheating may also disrupt phase 
coherence in superconductors, which casts 
doubt on the existence of 2D metallic ground 
states in superconducting systems (26). The 
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phase coherence could be key to understand- 
ing the 2D metallic state. If the phase co- 
herence length of electrons saturates at low 
temperatures, owing to the weakening of con- 
structive quantum interference, the diffusion 
should not be absolutely prohibited, result- 
ing in a possible metallic state in a low- 
dimensional electron system (27-29). Thus, it 
is crucial to investigate the phase coherence of 
Cooper pairs in the anomalous metallic state 
of 2D superconductors. 

Here, we present a systematic study of 
Cooper pair phase coherence through the 
superconductor-anomalous metal phase transi- 
tion followed by the anomalous metal-insulator 
phase transition in high-temperature (T,) 
superconductor (HTS) films patterned with 
an array of holes. 

We used reactive ion etching (RIE) to etch a 
high-quality, 12-nm-thick YBa,Cu307.,, (YBCO) 
thin film through a contact mask with a tri- 
angular array of holes (fig. S1). Each mask is 
an anodized aluminum oxide (AAO) mem- 
brane formed on and then separated from an 
aluminum base (Fig. 1A). The approach offers 
the advantages of minimal molecular residuals 
and processing contamination (30-32). 

The RIE transfers the pattern, which has 
~70-nm-diameter holes with center-to-center 
hole spacing of ~103 nm, onto the HTS film 
(Fig. 1B). In the process, the ion bombardment 
impacts the sidewalls of the resultant pores to 
create a less crystalline and strained YBCO 
shell, which becomes thicker with increasing 
etching time (32, 33). This was confirmed in 
a detailed high-resolution transmission elec- 
tron microscopy (HRTEM) analysis, which 
showed a high density of structural defects 
around the nanopatterned holes (34). Thus, 
the normal state resistance grows with in- 
creasing etching time (fig. $2). We deduced 
from the transport data presented below that 
this process forms superconducting islands at 
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the nodes of the triangular pore lattice con- 
nected to three links. The islands shrink, and 
the links become more resistive, with increas- 
ing etching time (Fig. 1C). The behavior of the 
measured R(T) curves, where Rg is the sheet 
resistance and T is the temperature, of the 
nanopatterned YBCO thin films is consistent 
with a quantum phase transition (QPT) (Fig. 
1D). The YBCO thin film subjected to the 
minimal RIE time remains superconducting 
(Fig. 1D). The superconducting onset critical 
temperature 70"S*t is defined as the temper- 
ature at which the sheet resistance R<(T) curve 
deviates from the linear extrapolation of the 
normal state (Fig. 1D and fig. $3), and the 
normal state sheet resistance is defined as 
Ry = Rg(TS"S"). With increasing etching time, 
the superconducting transition region be- 
comes wider, and the zero-resistance state 
fades away. We define this state as the anom- 
alous metal (AM) state because there is a 
plateau of residual resistance at lower tem- 
peratures. The sheet resistance of a repre- 
sentative film (AM1) is shown in Fig. 1D. For 
films with the normal resistance larger than 
the critical value Rg = 13 kilohms, Rs(T) has a 
positive slope (dRs/dT > 0) below T¢?8* that 
turns negative (dRs/dT > 0) at lower temper- 
atures, indicating an insulating transition; 
we define this as a transitional state (TS). A 
typical TS curve is marked in Fig. 1D. The 
samples with more etching exhibit a more 
pronounced insulating upturn emerging at 
higher temperatures. With further etching, 
Rs(T) increases monotonically (dRs/dT > 0) 
toward infinity at zero temperature, indicat- 
ing an insulating property over the whole 
temperature range. An example labeled as 
INS (insulating state) is shown in Fig. 1D. 
More details of electrical transport of all 
films can be found in fig. $3. 

The characteristics of the anomalous metal 
state in HTS films with an array of nanopores 
are shown in Fig. 2. The Arrhenius plot of the 
anomalous metallic-state films and supercon- 
ducting films are presented in Fig. 2A. For 
superconducting films, the resistance below 
Ters*' drops to zero within the measurement 
resolution. For metallic-state films, in the low- 
temperature regime, the resistance drops and 
saturates to a finite value that can be up to five 
orders of magnitude smaller than that of the 
normal-state resistance. In the smallest saturat- 
ing resistance film, the saturation of resistance 
starts at ~5 K, which is much higher than that 
of conventional superconductors (4-8, 10-15). 
To exclude external noise effects, we measured 
a metallic-state film using well-filtered electri- 
cal leads in a dilution refrigerator cryostat 
down to 50 mK (Fig. 2B). The current-voltage 
relation (/-V) curves are linear below 100 nA, 
indicating that the measurements are in the 
ohmic regime (Fig. 2B, inset). The resistance 
saturation remains almost the same with or 
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without the resistor-capacitor (RC) filters, dem- 
onstrating that the metallic state is intrinsic. 
To further explore the nature of the anom- 
alous metallic state, the Hall resistance (Ry) 
and longitudinal resistance (R,,) were mea- 
sured simultaneously. Below T2"S“, the slopes 
of R,y(7) curves, where H is the magnetic field 
strength, are largely suppressed and drop to 
zero with decreasing temperature for a repre- 


Fig. 1. Superconductor-anomalous 
metal-insulator transition in 
nanopore-modulated YBCO thin films. 

(A) Illustration of the fabricating process 

of nanopore-modulated YBCO thin films 

by means of reactive ion etching patterned 

by AAO (41). (B) Scanning electron microscopy 
image of etched nanopore YBCO films along with 
the AAO pattern. (C) Illustration of etched nanopore 
YBCO films. The gray halos indicate the parts 
weakened by the ion bombardment and etching; 
blue triangles indicate the superconducting 
islands. Cooper pairs are indicated with purple 
sphere pairs. (D) Temperature dependence 

of resistance for the etched nanopore YBCO films 
for different etching times, which increase from 
the bottom to the top curve, ranging from 20 

to 160 s. The nanopore YBCO films undergo a 
QPT by tuning the etching time. The resistance 
of four representative films marked as 
superconducting (SC), anomalous metallic 
(AM1), transitional (TS), and insulating (INS) 

are shown in black. 


Fig. 2. The characteristics of anomalous metallic 
states. (A) Arrhenius plot of all the anomalous 
metallic—state films (AM1-AM7) and superconducting 
films. (B) Arrhenius plot of longitudinal resistance 
(Ry) down to 50 mK, with and without filters of an 
anomalous metallic—state film (AM8). (Inset) /-V 
curve of the anomalous metallic-state film. The good 
linearity below 100 nA indicates that the measure- 
ments are within the ohmic region. (C) Arrhenius 
plot of Hall resistance (R,y) and longitudinal 
resistance (R,,) of a representative anomalous 
metallic-state film (AM9). The Hall resistance (R,y) 
goes to zero at ~50 K. (Inset) Hall resistance 

(Ryy) of a representative anomalous metallic-state 
film. (D) Giant positive magnetoresistance of a 
representative anomalous metallic-state film (AM9). 
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sentative metallic-state film (Fig. 2C, inset). 
Shown in Fig. 2C is the temperature depen- 
dence of R,y, which becomes zero within the 
measurement resolution at a relatively high 
temperature of ~50 K, whereas R,, is still 
finite. The absence of Hall resistance at low tem- 
peratures reveals the emergence of particle- 
hole symmetry in the anomalous metal. Fur- 
thermore, a giant positive longitudinal mag- 
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netoresistance is simultaneously observed as 
another important feature of this anomalous 
metallic state (Fig. 2D) (13). The observed zero 
Hall resistance and giant positive magneto- 
resistance can be further confirmed in another 
representative anomalous metallic-state film 
(AM10) (fig. S4). 

Below T¢°"s*t, the perpendicular magneto- 
conductance of all the YBCO nanopore thin 
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films in Fig. 1D oscillates at low fields (Fig. 3, 
A to C) for three representative films. We 
present the data as the negative change of 
magnetoconductance -AG = Go - G(A), where 
Go is the conductance at zero magnetic field. 
The magnetoconductance of all films is sym- 
metric, and the magnetoconductance oscil- 
lations appear on a monotonically rising 
background (full data are shown in fig. S5). 
Up to four magnetoconductance oscillations 
were detected with a constant period of Ho ~ 
2.25 kOe. This period is consistent with one 
superconducting flux quantum ®, = h/2e 
threading an area of one unit cell of the 
nanopattern (around 9200 nm”), where h is 
Planck’s constant and e¢ is the electron charge. 
The appearance of the charge 2e quantum 
oscillations just below T2"s*t demonstrate 
that Cooper pairs participate in the transport 
in all the states through the superconductor- 
metal-insulator transitions. 

To highlight the temperature dependence 
of the oscillations, we define the magneto- 
conductance oscillation amplitude as Gos. = 
|G(1/2Ho) — Go| after subtracting the rising 
background (fig. S6). The temperature de- 
pendence of Gos. is shown in Fig. 3D on a 
logarithm scale for the films that exhibit super- 
conducting, anomalous metallic, and insulat- 
ing states. For the films in the superconducting 
state, the oscillation amplitude monotonically 
grows to a giant value beyond our measure- 
ment limit with decreasing temperature. By 


contrast, the oscillation amplitude saturates 
in the anomalous metallic region below 5 K 
(Fig. 3D), which is reminiscent of the residual 
resistance plateau of the anomalous metallic 
state at low temperatures (Fig. 2A). For in- 
sulating films (INS films), G,,. peaks and then 
drops with decreasing temperature. With in- 
creasing disorder, Gos- varies by at least nine 
orders of magnitude from the supercon- 
ducting films to most insulating films in the 
zero-temperature limit, whereas the normal 
resistance only changes by two orders of mag- 
nitude. This finding demonstrates that the 
Cooper pair coherence can be controlled over 
a wide range by tuning the link resistance of 
nanopatterned YBCO films. 

The electrical transport and the magneto- 
conductance oscillations in YBCO nanopore 
thin films can be qualitatively understood by 
modeling them as resistively shunted Josephson 
junction arrays. With increasing etching time, 
the link resistances grow, and the supercon- 
ducting islands shrink (35), which drives the 
system through a superconductor-anomalous 
metal-insulator transition. For all films, 72°S* 
varies by no more than 15% from the super- 
conducting film to the insulating film, which 
indicates that the strength of local supercon- 
ducting pairing remains stable through the 
QPT, whereas Cooper pair phase coherence 
can be tuned by increasing the link resistance. 

The magnetoconductance oscillations orig- 
inate from Cooper pair quantum interference 


effects in the multiply connected geometry 
imposed by the array structure (36, 37). These 
effects enter through the Josephson coupling 
energy between nodes of the array, as given 
by E; = -Jcos(o; - 0; —Ay), where 0; - 0; is 
the gauge invariant phase difference of the 
order parameter between islands 7 and j, and 
Ay = 2e/h|; A - dl is the line integral of the 
vector potential between neighboring nodes 
(f is Planck’s constant h divided by 27). J is 
proportional to the order parameter amplitude 
on the islands. Josephson coupling energy Ey; 
oscillates with increasing magnetic field be- 
cause of the requirement that the line inte- 
gral of the phase around a closed loop be a 
multiple of 2x. The dimensions of the array 
unit dictate the period of the oscillations. The 
magnetoconductance oscillates on the super- 
conducting side because £; is the barrier to 
thermally activated vortex motion (37); on the 
insulating and anomalous metal side, the mag- 
netoconductance oscillates because E; is pro- 
portional to the Cooper pair tunneling rate. 
We now discuss the evolution of the tem- 
perature dependence of the oscillations across 
the QPT within this array model. For all the 
YBCO films, the oscillations appear just below 
Tost indicating that local phase coherence 
develops as soon as the amplitude of the 
order parameter forms on the islands. At 
lower temperatures, the oscillation ampli- 
tude is approximately proportional to the 
phase coherence as the growth of the order 
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metallic-state films, Gos. saturates with decreasing temperature at ~5 K. By contrast, Gosc diverges at low temperatures for superconducting-state films, and 
Gose peaks and drops at low temperatures for insulating-state film. Three representative YBCO films are shown in black. (E) Deduced phase coherence length of 
insulating and some metallic-state films with Goge smaller or comparable with quantum conductance. In the anomalous metallic regime, the phase coherence 
length L, saturates at lower temperatures; in the insulating regime, the phase coherence length L, decreases with decreasing temperature. 
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Sk 10k 15k 20k 25k 30k 


Ry(Q) 


parameter on the islands ceases. For super- 
conducting films, the oscillation amplitude 
monotonically grows beyond our measurement 
range with decreasing temperature, indicating 
that the phase coherence length diverges in 
the zero-temperature limit. By contrast, the os- 
cillation amplitude of the anomalous metallic- 
state films saturates below ~5 K after a steep 
growth. The saturating temperature depen- 
dence of the oscillation amplitude is consistent 
with that of the resistance, indicating that 
phase coherence saturation should be crucial 
to the formation of the anomalous metallic 
state. For the insulating films, as the link re- 
sistance rises beyond Rg = h/4e” with decreas- 
ing temperature, the inter-island capacitance 
and self-capacitances of the islands can pro- 
duce a Coulomb blockade to Cooper pair trans- 
port (38). Thus, G,,, and the phase coherence 
length decrease as the Cooper pairs become 
localized. In order to quantify phase coherence 
through the QPT, we estimated the phase co- 
herence length Ly, by using the formula 


Goer = 22 Ly oe nr) ¢ i-particl 
‘ose = P(— 7) for quasi-particle 


Tr 


quantum interference (29, 39), where 7 is half 
of the center-to-center hole spacing ~50 nm. 
The above formula can only be applied to in- 
sulating or some metallic-state films with rela- 
tively large residual resistance when Gog, is 
smaller or comparable with quantum con- 
ductance. The temperature dependence of Ly 
are presented in Fig. 3E, indicating a satura- 
tion of quantum coherence for anomalous 
metallic states in the low-temperature regime. 
The magnetoconductance oscillation ampli- 
tude observed in the anomalous metallic states 
with small residual resistance is giant and 
much larger than the quantum conductance, 
which is difficult to explain by using only quasi- 
particle quantum interference, leaving this an 
open question for further investigation. 

The phase diagrams of resistance and dif- 
ferential resistance as a function of temper- 
ature and normal resistance Ry in Fig. 4 
provide a summary of the results. We use Ry 
as the tuning parameter because it is directly 
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Fig. 4. Phase diagram of disorder tuned QPT in 
nanopatterned high-temperature superconductors. 

(A and B) Color-scaled maps of the (A) resistance 

and (B) differential resistance as a function of 
temperature and the normal-state resistance. The 

normal state and other states are separated by Tonset 

(top dashed line). Below To"S*, with increasing the normal- 
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related to the etching time (fig. S2) and in- 
creases with increasing disorder in the nano- 
patterned films (35). The normal state and 
other states are separated by T2"S*'. At the 
boundary from dR,/d7 > 0 to dR,/dT = 0, the 
array resistance drops below T°™**' to zero 
(SC) or a plateau of residual resistance (AM) 
at the lowest temperatures, as shown in the 
bottom-left part of the phase diagram (Fig. 4). 
The short dashed line in Fig. 4 represents the 
crossover between the AM state and the re- 
gion where resistance drops rapidly. Below 
To"set, the onset of insulating behavior is vis- 
ible in the lower right region in Fig. 4, where 
dR,/dT is negative. We label this region as the 
Cooper pair insulator (CPI). Approaching zero 
temperature, with increasing Ry, there is a 
regime where dR,/dT changes from zero to a 
negative value, which can be interpreted as 
the critical regime of a quantum phase tran- 
sition. The phase diagram shows the evolution 
of an anomalous metallic state to a Cooper 
pair insulating state separated by a QCP around 
Ry ~ 13 kilohms. 

To date, the nature of the anomalous metal- 
lic state in 2D systems remains a mystery. 
Candidate theories invoke coupling to a dis- 
sipative bath (J6-78), a Bose metal phase (19-27), 
order parameter fluctuations (22-24), and a 
composite Fermi liquid phase (25). In our HTS 
system, this anomalous metallic state is clearly 
a bosonic state demonstrated by the h/2e 
periodic quantum oscillations and zero Hall 
resistance, which appears to rule out the sce- 
narios that are based on charge e carriers. The 
phase coherence saturation is argued to be 
the key to understanding the low-dimensional 
metallic state at low temperatures (27-29, 40). 
Investigations of Cooper pair phase coherence 
may be the right approach for revealing the 
nature of this anomalous metallic state. Fur- 
thermore, our work on this HTS also paves 
the way for investigations on the anomalous 
state of matter by using finite frequency 
probes, such as terahertz spectroscopy, that 
are more difficult to apply at dilution refrig- 


erator temperatures. 
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state resistance, the system is initially in the SC phase 
(zero resistance state within the instrument resolution), then 
AM phase (residual resistance plateau at low temperatures), 
and last, CPI phase (Cooper pair localized insulator). 

When approaching zero temperature, with increasing normal 
resistance, the system evolves from AM to CPI, separated 


uantum critical point around Ry ~ 13 kilohms. 
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Constructive molecular configurations for 
surface-defect passivation of perovskite photovoltaics 
Rui Wang", Jingjing Xue’*+, Kai-Li Wang?*, Zhao-Kui Wang"+, Yanqi Luo®, David Fenning®, 


Guangwei Xu’, Selbi Nuryyeva", Tianyi Huang’, Yepin Zhao’, Jonathan Lee Yang®, Jiahui Zhu’, 
Minhuan Wang’, Shaun Tan’, Ilhan Yavuz°+, Kendall N. Houk“*+, Yang Yang””+ 


Surface trap—mediated nonradiative charge recombination is a major limit to achieving high-efficiency 
metal-halide perovskite photovoltaics. The ionic character of perovskite lattice has enabled molecular 
defect passivation approaches through interaction between functional groups and defects. However, 

a lack of in-depth understanding of how the molecular configuration influences the passivation 
effectiveness is a challenge to rational molecule design. Here, the chemical environment of a functional 
group that is activated for defect passivation was systematically investigated with theophylline, caffeine, 
and theobromine. When N-H and C=O were in an optimal configuration in the molecule, hydrogen-bond 
formation between N-H and | (iodine) assisted the primary C=O binding with the antisite Pb (lead) defect to 
maximize surface-defect binding. A stabilized power conversion efficiency of 22.6% of photovoltaic 


device was demonstrated with theophylline treatment. 


efect passivation to reduce unproduc- 

tive charge recombination is an effective 

strategy to increase the power conver- 

sion efficiency (PCE) of polycrystalline 

metal-halide perovskite thin-film pho- 
tovoltaics (PVs) (1-6). The ionic nature of the 
perovskite lattice enables molecular passiva- 
tion through coordinate binding based on 
Lewis acid-base chemistry (7-10). Organic mo- 
lecules containing various functional groups, 
such as carbonyl groups, can passivate de- 
fects (11-17). The selection of molecules with 
optimal binding configurations for defect 
passivation would benefit from molecular de- 
sign rules. 

We demonstrate high efficiencies for 
(FAPbI3),(MAPbBr3);_» (where FA is for- 
mamidinium and MA is methylammonium; 
x is 0.92 in the precursor) perovskite PV de- 
vices through defect identification followed 
by rational design and comprehensive investi- 
gation of the chemical environment around the 
active functional group for defect passivation 
(78). In high-quality perovskite polycrystalline 
thin films that have monolayered grains (19-2), 
interior defects of perovskite are negligible 
compared with the surface defects. We used 
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density functional theory (DFT) calculations 
to compare the formation energies of selected 
native defects on the perovskite surface. Par- 
ticularly taken into consideration were Pb- 
and I-involving point defects, Pb vacancy (Vpp), 
I vacancy (Vj), and Pb-I antisite (Pb; and Ipp, 
corresponding to I site substitution by Pb and 
Pb site substitution by I, respectively) because 
the band edges of perovskite were reported to 
be composed of Pb and I orbitals (22, 23). 


24 sess 
"E20 
oO 
2 
Ete} —s Reference (PCE=21.02%) 
2 —2— Theophylline (PCE=23.48%) 
5-12 —— Caffeine (PCE=22.32%) 
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As confirmed by x-ray photoelectron spec- 
troscopy (XPS), the surface of the as-fabricated 
perovskite thin film synthesized by a two-step 
method was Pb-rich (fig. S1), and we focused 
on the (100) surface with PbI, termination in a 
Pb-rich condition. The types of surface defects 
studied and their corresponding top-layer 
view of atomic structures are shown in Fig. 1A. 
Using the Dispersion Correction 3 (DFT-D3) 
method, we calculated the defect formation 
energies (DFEs) (table S1) of Vpp, Vy, Pb; and 
Ipp on the surface to be 3.20, 0.51, 0.57, and 
3.15 eV, respectively. Compared with the values 
reported in bulk perovskite, Vp,, Vz, and Ipp 
defects show similar DFEs (24), whereas the 
Pb, antisite defect exhibited particularly lower 
formation energy than that in the bulk. Thus, 
the Pb, antisite defect should form more read- 
ily and predominate on the surface. We did 
not consider V; further despite its DFE being 
as low as that of Pb;, because the interaction 
of molecules with the V; turned out to be not 
energy favorable (fig. S2). 

On the basis of these results, we focused on 
the interaction between the surface Pb; anti- 
site defect and candidate molecules for defect 
passivation. A set of small molecules sharing 
the identical functional groups but with stra- 
tegically varying chemical structure were in- 
vestigated, namely theophylline, caffeine, and 
theobromine, interacting with the defects 
(Fig. 1B). These molecules are found in natural 


Fig. 1. Surface-defect identification and constructive configuration of the C=O group in three 
different chemical environments. (A) Top view of the various types of surface defects. (B) Theoretical 
models of perovskite with molecular surface passivation of Pb, antisite with theophylline, caffeine, and 
theobromine. (C) J-V curves of perovskite solar cells with or without small-molecules treatment under reverse 


scan direction. 
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products (tea, coffee, and chocolate, respectively) 
and are readily accessible. In these molecules, 
the conjugated structure as well as the dipoles 
induced by the hetero atoms tend to increase 
the intermolecular interaction. This renders 
them nonvolatile in nature, which is key to the 
investigation of their interactions with defects 
in perovskite and long-term stability of the 
devices. The xanthine core also helps maintain 
the coplanarity of the carbonyl group and the 
N-H. Unlike other small molecules with flex- 
ible alkyl chains, this rigidity allows us to de- 
fine the configuration and distance between 
the carbonyl group and N-H when they are in- 
teracting with the defects, as a result of which 
the constructive molecular configuration for 
defect passivation can be unraveled. 

We incorporated theophylline onto the sur- 
face of perovskite thin film using a post- 
treatment method, and a PCE enhancement 
from 21.02% (stabilized 20.36%) to 23.48% 
(stabilized 22.64%) was observed in the PV 
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devices with ITO/SnO.,/perovskite/Spiro- 
OMeTAD/Ag structure under reverse scan di- 
rection [where ITO is indium tin oxide, SnO, 
is tin oxide, and Spiro-OMeTAD is 2,2'7,7’- 
tetrakis-(V,N-di-p-methoxyphenyl amine)-9,9'- 
spirobifluorene]. Current density-voltage (J-V) 
curves of the PV devices with and without 
theophylline treatment are compared in Fig. 
1C and table $2. The control device showed an 
open-circuit voltage (Voc) of 1.164 V, a short- 
circuit current (Jgc) of 24.78 mA cm™, and a fill 
factor (FF) of 72.88%, whereas the target device 
showed a Voc of 1.191 V, aJgc of 25.24 mA cm, 
and an FF of 78.11%. The enhancement in the 
Voc was attributed to the surface passivation 
by theophylline through the Lewis base-acid 
interaction between C=O group and the antisite 
Pb. As shown in the surface structure model 
of perovskite with theophylline (Fig. 1B), the 
C=O group on theophylline strongly interacted 
with the antisite Pb. The neighboring N-H 
on the imidazole ring also interacted with the 


I of PbIg” octahedron through a hydrogen 
bond (H-bond), which strengthened the ab- 
sorption of theophylline onto the Pb; defect, 
resulting in an interaction energy (Ejnt, defined 


as Emolecule-perovskite ~ “perovskite — molecule) as 


strong as -1.7 eV. 

This observation suggested that the neigh- 
boring H-bond between the xanthine mole- 
cule and the PbI,”” octahedron can contribute 
to the defect passivation. A methyl group was 
added to the N on the imidazole ring of the- 
ophylline (resulting in caffeine) to eliminate 
the effect from H-bonding between the N-H 
and I, leaving just the interaction with surface 
Pb, defects (Fig. 1B). The missing H-bond be- 
tween N-H and PbI,” octahedron resulted in 
a weakened interaction and a less favorable Ejnt 
of -1.3 eV. Compared with the theophylline- 
treated device, a caffeine-treated perovskite PV 
device had a lower PCE of 22.32% along with 
a lower Voc of 1.178 V, Jsc of 25.04 mA cm”, 
and FF of 75.76%. 
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Fig. 2. Investigation of the interactions between surface defects and the small molecules. FTIR spectra of (A) pure theophylline and theophylline-Pbls films, 

(B) pure caffeine and caffeine-Pbl, films, and (€) pure theobromine and theobromine-Pbl, films. (D) PL spectra of perovskite films without and with small-molecules treatment. 
(E) tDOS in perovskite solar cells with or without small-molecules treatment. (F) Nyquist plots of perovskite solar cells with or without small-molecules treatment measured 
in the dark and at corresponding open-circuit voltages. a.u., arbitrary units; C, junction capacitance; Ryec, recombination resistance; Rs, Series Resistance. 


Wang et al., Science 366, 1509-1513 (2019) 


20 December 2019 


2 of 5 


RESEARCH | REPORT 


A 


Intensity (a.u.) 


— Reference 
—— Theophylline 


146 


144 142 140 138 


Binding Energy (eV) 


Potential 1.0 um Potential 


Height Sensor 1.0 um Height Sensor 


Intensity (a.u.) 


D 100 pe 
— Reference 
—— Theophylline 


Intensity (a.u.) 


\ 


2.0 15 1.0 05 0.0 
Binding Energy (eV) 


16.0 0.0 


95.0 nm -— 8 
ITO/SnO, Perovskite § HTL Ag 
Z 8 
s& 3 
Fe 3 3 
BD B 3 
ii 8 
105.0 nm 


05 1.0 1.5 


Distance (11m) 


2.0 


1.0 um 


25 


EBIC signal (a.u.) 


Reference 
Reference+HTL 
Theophylline 
Theophylline+HTL 


0.4 0.6 0.8 


Time (us) 


Ag 
Spiro-OMeTAD 


Perovskite 


ITO/SnO, 


EBIC Signal 
"500 nm 


ITO/SnO, i Perovskite J HTL Ag 


W/Theophylline 


° 


990000000 


° 
° 
° 
° 
° 
° 
° 
° 
° 


15 
Distance (11m) 


2.0 


Fig. 3. Characterization of perovskite films and interfaces with theophylline treatment. (A) XPS data for Pb 4f 7/2 and Pb 4f 5/2 core-level spectra 
in perovskite films with or without theophylline treatment. (B) UPS spectra of perovskite films with or without theophylline treatment. (C) AFM and 
KPFM images of perovskite films with (right) or without (left) theophylline treatment. (D) Time-resolved PL spectra of perovskite films before and after 
line treatment. (E) Cross-section SEM images and the corresponding EBIC images and line profile 


depositing Spiro-OMeTAD without and with theophy 
of the perovskite solar cells with (right) or without 


When the N-H group was located next to 
the C=O group on the same six-membered 
ring, producing a shorter distance between 
the C=O and the N-H, in theobromine, the 
spatially effective interaction between the 
N-H and I was disabled as C=O was bound 
to antisite Pb, resulting in an even weaker 
Ein, of -1.1 eV (Fig. 1B). Although C=O and 
N-H are both present on the molecule, the 
lack of appropriate coordination of I to the 
molecule led to a spatially destructive molec- 
ular configuration. The theobromine-treated 
devices showed a decrease in PCE to 20.24% 
with a lower Voc of 1.163 V, Jgc of 24.27 mA cm”, 
and FF of 71.58% compared with the refer- 
ence device. This result emphasizes the im- 
portance of the constructive configuration of 
N-H and C=O groups that enable the coop- 
erative multisite interaction and synergistic 
passivation effect. 

We studied the variation in the C=O and the 
PbI,-terminated perovskite surface interac- 
tion with different molecular configurations 
using Fourier-transform infrared spectros- 
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left) theophylline treatment. 


copy (FTIR). The C=O in pure theophylline 
showed a typical stretching vibration mode at 
1660 cm that it shifted to 1630 cm upon 
binding to PbI, (Fig. 2A). The downward shift 
of 30 cm™ of the C=O stretching vibration 
frequency resulted from the electron delocal- 
ization in C=O when a Lewis base-acid adduct 
was formed, demonstrating a strong interac- 
tion between PbI, and C=O in theophylline. 
The atomic distance between the O in C=O 
and the Pb in Pbly, on the basis of theoretical 
modeling, was as low as 2.28 A. 

When the H atom was replaced by a methyl 
group on the N of imidazole to eliminate the 
effect of an H bond, the vibration frequency 
of C=O in caffeine shifted only 10 cm upon 
addition of PblI», indicating a weakened inter- 
action between the C=O and PbI, (Fig. 2B). 
The atomic distance between the correspond- 
ing O and Pb also increased to 2.32 A. In the 
case of theobromine, when the N-H was ina 
closer position to C=O, the interaction between 
the molecule and PbI, became comparable to 


that in theophylline, as evidenced by the large 
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shift of C=O stretching vibration frequency 
from 1655 to 1620 cm“ and the short distance 
between O and Pb (Fig. 2C). However, this 
strong interaction was enabled by the free 
rotation of PbI», which resulted in a different 
configuration than that in theophylline and 
caffeine. Hence, when the configuration of 
PbI, was fixed and had a 90° angle between 
Pb and I atom, like that on perovskite surface 
(the PbI;”” octahedron), the N-H was in a po- 
sition that led to an unfavorable interaction 
with I. This configuration would cause either 
weakened interaction between the molecule 
and the perovskite surface or distorted PbI,”~ 
octahedron, resulting in the ineffectiveness of 
defect passivation and perhaps causing even 
more defects through lattice distortion (fig. $3). 

The surface passivation effects of the three 
molecules with different configuration were 
further studied by photoluminescence (PL). 
The PL intensity increased noticeably with 
the treatment by theophylline (Fig. 2D), im- 
plying the suppressed nonradiative charge- 
recombination sites from defects (15). With 
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Fig. 4. Enhanced photovoltaic performance and long-term stability of 
perovskite solar cells with theophylline treatment. (A) J-V curves 

of perovskite solar cells with or without theophylline treatment. (B) EQE 
curves of perovskite solar cells with or without theophylline treatment. 
(C) Stabilized maximum power output and the photocurrent density at 
maximum power point as a function of time for the best-performing 


the caffeine treatment, enhanced PL intensity 
was also observed, but not as strong as that 
with the theophylline, suggesting a less effec- 
tive passivation effect. For theobromine, how- 
ever, a decrease in PL intensity was observed 
compared with the reference material, which 
can be attributed to the destructive molec- 
ular configuration of the passivation agents 
causing more charge recombination sites. 
The trap density of states ((DOS) of the as- 
fabricated devices were also deduced from the 
angular frequency-dependent capacitance. 
As shown in Fig. 2E, the DOS as a function 
of the defect energy demonstrated a reduction 
in trap states for theophylline- and caffeine- 
treated perovskite compared with the reference 
device. By contrast, theobromine treatment 
induced more trap states, consistent with the 
decrease in PCE. The change in ¢DOS with 
different surface treatments was also con- 
firmed by theoretical modeling (fig. $4). In 
addition, electrochemical impedance spectros- 
copy (EIS) characterization was performed to 
demonstrate the carrier transport processes 
under illumination at the interface. The mid- 
dle frequency zone of the EIS semicircle should 
be dominated by junction capacitance and 
recombination resistance related to the inter- 
faces between transport materials and perov- 
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skite. According to Fig. 2F, the device with 
theophylline surface treatment has the smallest 
impedance, signifying a substantially sup- 
pressed charge recombination at the interface, 
which originated from the reduced surface- 
defect states. A larger impedance was observed 
in caffeine-treated device, and an even larger 
impedance was measured in theobromine- 
treated device. 

Further characterizations were performed 
to better understand the perovskite interface 
with theophylline. High-resolution XPS pat- 
terns of the Pb 4f for the theophylline-treated 
film showed two main peaks located at 138.48 
and 143.38 eV, corresponding to the Pb 4f 7/2 
and Pb 4f 5/2, respectively (Fig. 3A), whereas 
the reference film showed two main peaks at 
138.27 and 143.13 eV. The peaks from Pb 4f 
shifted to higher binding energies in the film 
with theophylline surface treatment, indicat- 
ing the interaction between the theophylline 
and the Pb on perovskite surface. We used 
ultraviolet photoelectron spectroscopy (UPS) 
to measure the surface band structure with 
and without the theophylline surface treat- 
ment. The work function was determined to 
be -4.77 and —4.96 eV with the valance band 
maximum of —5.66 and —5.73 eV for reference 
and theophylline, respectively (Fig. 3B). This 
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perovskite solar cells with or without theophylline treatment, as shown in 
(A), recorded under simulated 1-sun AML.5G illumination. (D) PCE distribution of 
perovskite solar cells with or without theophylline treatment. (E) Evolution of the 
PCEs measured from the encapsulated perovskite solar cells with or without 
theophylline treatment exposed to continuous light (90 +10 mW cm”) under 


difference indicated a less n-type surface after 
theophylline treatment, which could improve 
the hole extraction in devices. 

Atomic force microscopy (AFM) combined 
with Kelvin probe force microscopy (KPFM) 
was further applied to probe the effect of the- 
ophylline on the surface morphology and sur- 
face potential. The theophylline-treated surface 
exhibited a higher electronic chemical poten- 
tial than that of reference film, while keeping 
the surface morphology unchanged (Fig. 3C). 
The transient PL of the perovskite films with 
hole-transporting layer (HTL) was compared 
in Fig. 3D to delineate the carrier dynamics of 
the devices. The perovskite film with theophyl- 
line treatment showed a slightly longer carrier 
lifetime than the reference film, whereas a 
faster decay profile was observed when add- 
ing the HTL on top of the perovskite film. This 
result demonstrated a better hole extraction 
with theophylline treatment (20), most likely 
arising from lesser recombination sites at the 
interface and the slightly shallower work func- 
tion of the perovskite film with theophylline. 

The improved carrier dynamics originat- 
ing from the effective surface passivation by 
theophylline was further characterized by 
cross-sectional electron-beam-induced current 
(EBIC) measurement. In EBIC measurement, 
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the electron-beam-excited carriers were col- 
lected on the basis of the collection probability 
CP (a, La), where w is the distance between 
junction and incident beam position, and Lg 
is the diffusion length of the carriers (fig. S5). 
The device with theophylline treatment ex- 
hibited higher EBIC current compared with 
the reference device (Fig. 3E). The average 
intensity extracted from these EBIC maps 
demonstrated a general increase in the EBIC 
signal after treatment with theophylline (fig. 
S6), indicating an enhanced carrier collection 
efficiency (25). Specifically, in Fig. 3E, a rep- 
resentative EBIC line profile of the reference 
device showed a current decay from the HTL- 
perovskite to the SnO.-perovskite interface. 
The decay indicates that carrier collection was 
limited by the hole-diffusion length as the beam 
position moved away from the HTL-perovskite 
interface. By contrast, the device with theophyl- 
line treatment displays minimal decay in the 
perovskite layer in the EBIC line profile. This 
difference suggests that a longer diffusion 
length of holes was present in theophylline- 
treated sample and balanced electron and 
that hole charge transport and collection was 
achieved, which is likely the result of fewer 
surface recombination sites (Fig. 3E). 
Further assessment of the performance of 
the PV devices based on the theophylline sur- 
face passivation was performed. The devices 
showed a negligible hysteresis (4.1%) (Fig. 4A) 
because of the balanced charge collection orig- 
inating from the effective surface passivation, 
whereas the reference device showed a large 
hysteresis (up to 7.6%) (table $3). External 
quantum efficiency (EQE) spectra of the de- 
vices were compared in Fig. 4B. An integrated 
Jsc of 24.42 mAcm™~ from the target device 
matched well with the value measured from 
the J-V scan (<5% discrepancy), whereas the 
control device showed an integrated Jgc of 
23.56 mA cm™”. A stabilized PCE of 22.64% 
was achieved with the target device when 
biased at 1.00 V, whereas that of the control 
device was 20.36% when biased at 0.98 V 
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(Fig. 4C). The histogram of PV efficiencies for 
40 devices is shown in Fig. 4D (the detailed 
parameters are shown in table S2), which 
confirms good reproducibility of the perform- 
ance improvement with theophylline (11.1% 
improvement in an average PCE from 20.36 + 
0.53% to 22.61 + 0.58% with the incorporation 
of the theophylline). 

The changes in PCE of the encapsulated 
devices at a relative humidity of 30 to 40% and 
temperature of 40°C were tracked over time to 
test the long-term operational stability (Fig. 
4E). The reference device (initial PCE 19.34%) 
degraded by more than 80% in 500 hours, 
whereas the target device maintained >90% 
of its initial efficiency (21.32%) during this 
time. Also, as shown in fig. S7, the shelf stab- 
ility of the device based on theophylline treat- 
ment was noticeably enhanced, maintaining 
>95% of its original PCE (22.78%) when stored 
under ambient conditions with 20 to 30% 
humidity at 25°C for 60 days. By contrast, the 
reference device lost >35% of its initial effi- 
ciency (20.67%). The strong interaction be- 
tween the theophylline and the surface defects 
likely suppressed deleterious ion migration 
(26-28). 
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Direct synthesis of adipic acid esters via palladium- 
catalyzed carbonylation of 1,3-dienes 


Ji Yang", Jiawang Liu’, Helfried Neumann’, Robert Franke”, Ralf Jackstell’, Matthias Beller™* 


The direct carbonylation of 1,3-butadiene offers the potential for a more cost-efficient and 
environmentally benign route to industrially important adipic acid derivatives. However, owing to 
the complex reaction network of regioisomeric carbonylation and isomerization pathways, a 
selective practical catalyst for this process has thus far proven elusive. Here, we report the design 
of a pyridyl-substituted bidentate phosphine ligand (HeMaRaphos) that, upon coordination to 
palladium, catalyzes adipate diester formation from 1,3-butadiene, carbon monoxide, and butanol 
with 97% selectivity and 100% atom-economy under industrially viable and scalable conditions 
(turnover number > 60,000). This catalyst system also affords access to a variety of other 


di- and triesters from 1,2- and 1,3-dienes. 


arbonylation reactions are among the 

most important applications of indus- 

trial catalysis (1-5): Using carbon mon- 

oxide (CO) as a highly versatile Cl 

building block with olefins, more than 
10 million metric tons of various carbonyl 
compounds (aldehydes, acids, and esters) are 
produced annually for numerous consumer 
products. CO is a central intermediate in the 
chemical industry that can be easily produced 
either from fossil-based resources (coal or 
gas) or from renewables (CO, or biowaste). 
Despite the initial discovery of homogeneous- 
ly catalyzed carbonylation processes nearly 
80 years ago (6-15), several unattained objec- 
tives remain, perhaps most saliently the direct 
dicarbonylation of 1,3-dienes. This reaction 
would enable more environmentally benign, 
atom-economical production of adipate esters, 
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the building blocks of polyamides and poly- 
esters currently produced on a multimillion- 
metric ton scale (16, 17). More specifically, 
adipate diesters are used for plasticizers, per- 
fumes, lubricants, solvents, several active phar- 
maceutical ingredients, and, with respect to 
scale, most importantly for the production 
of nylons. Now, the main industrial route to 
produce adipate diesters involves oxidation of 
a mixture of cyclohexanol and cyclohexanone 
by an excess of nitric acid, followed by es- 
terification with the corresponding alcohols 
(18-20). This process requires special equip- 
ment owing to the acid’s corrosiveness and 
produces stoichiometric amounts of nitrous 
oxide (N,0) (27), which is a major scavenger of 
stratospheric ozone and has nearly 300 times 
the atmospheric heat-trapping capacity of 
COz (22). 
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Over several decades, numerous companies 
all over the world, including BASF, Dupont, 
Shell, Dow, Kuraray, and Sinopec, investigated 
the prospect of accessing adipate esters via 
butadiene dicarbonylation. However, despite 
extensive explorations, no such industrially 
viable transformation was developed (23-38). 
Some pilot tests were implemented (23-36), 
but those processes all involved multistep re- 
actions with insufficient selectivity (~60 to 
80%) for the desired linear diester. 

Here, we present a palladium-catalyzed dicar- 
bonylation of 1,3-butadiene that provides dialkyl 
adipates in =95% yield and =97% selectivity. 
Key to success was the ligand design. Recently, 
we developed bidentate phosphine ligands 
for palladium-catalyzed alkoxycarbonylation 
reactions in which basic pyridyl substituents 
on phosphorus proved essential for high ac- 
tivity (39). On the basis of that work and our 
long-standing interest in carbonylation reac- 
tions (40), we proceeded to investigate the di- 
carbonylation reaction of 1,3-butadiene with 
butanol as a model for the direct synthesis of 
adipate diesters. 

As shown in Fig. 1, there are multiple chal- 
lenges associated with this catalytic process: 
(i) The catalyst must promote two different 
carbonylation reactions on the diene substrate 
(which could not be achieved previously); (ii) 
the linear dicarbonylation product must be 


1 eibniz-Institut fir Katalyse e.V. an der Universitat Rostock, 
Albert-Einstein Str. 29a, D-18059 Rostock, Germany. “Evonik 
Performance Materials GmbH, Paul-Baumann-Str. 1, 45772 
Marl, Germany. *Theoretical Chemistry, Ruhr-University 
Bochum, 44780 Bochum, Germany. 

*Corresponding author. Email: matthias.beller@catalysis.de 


O 


=> 


~ 


. R 


a 
4 
O 
= hry 


Desired process, 
Dicarbonylation 


eN 


OR 
‘I 
(0) OR 
SIL 
e) 
OR 
Oo OR 
OR 
Oo 


Fig. 1. Reaction network involved in synthesis of adipates from 1,3-butadienes. The green outlines indicate the starting materials (1,3-butadiene, carbon 
monoxide, and alcohol) and desired product adipic diester. 
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formed selectively, despite the fact that isom- 
erization of the initially formed monocarbon- 
ylated intermediate to the terminal olefin is 
thermodynamically particularly unfavorable; 
and (iii) other side reactions such as telomer- 
ization (41), hydroalkoxylation, and (co)poly- 
merization must be suppressed. 

We sought to realize the selective dicarbon- 
ylation of 1,3-butadiene by using base-modified 
derivatives of the 1,2-bis[(di-tert-butylphosphino) 
methyl]benzene ligand (1, dtbpx), which is 
used for the bulk production of methyl met- 
hacrylate (42). Initial optimization studies 
with this ligand (Fig. 2) showed slight ac- 
tivity but good selectivity to give the linear 
di-n-butyl adipate 4a at 120°C and 40 bar CO 
with p-toluenesulfonic acid as a cocatalyst. 
To improve the catalyst performance, dtbpx 
derivatives L2 and L3 were tested. However, 
no increase of activity was observed. Accord- 
ing to our hypothesis above, the incorpora- 
tion of suitable basic groups on this specific 
ligand backbone should increase the activity 
of the corresponding palladium catalyst sys- 
tem in alkoxycarbonylation reactions. Indeed, 
using L4é considerably increased activity and 
yield of diesters (77%) but at the expense of 
insufficient selectivity (48%). Considering the 
appropriate reactivity of L4 and the suitable 
selectivity of L1, we designed the ligand L5 
(HeMaRaphos), which combines the two struc- 


CO, "BuOH, 120 °C, 24h 


tural fragments of L1 and L4: The bulky and 
electron-rich di-tert-butylphosphino fragment 
could promote fast isomerization of carbon- 
carbon double bonds (43-45) while the tert- 
butyl-2-pyridyl phosphino group facilitated 
formation of the active palladium hydride com- 
plex and accelerated the final alcoholysis step. 
Mixing L5 and Pd(0) bis(dibenzylideneacetone) 
[Pd(dba).] in the presence of HCl resulted in 
the formation of a bright yellow palladium 
complex, which was suitable for x-ray crystal- 
lography (fig. S1). Although no coordination of 
the pyridine-N atom to the palladium center 
was observed in solid state, the durability of 
the catalyst in solution might be enhanced 
by such hemilabile binding. To our delight, the 
dicarbonylation of 1,3-butadiene proceeded in 
the presence of HeMaRaphos and Pd(ID tri- 
fluoroacetate [Pd(TFA).] to adipate diester 
with a yield of 85% and a linear selectivity of 
97%. We benchmark the distinct behavior of 
L5 in comparison with more than 70 other 
ligands, including well-known mono- and bi- 
dentate phosphines, in table S1. 

To understand the performance of the pal- 
ladium catalyst with HeMaRaphos, we con- 
ducted kinetic monitoring experiments (fig. 
$3). In the first half hour, formation of the ac- 
tive palladium hydride complex was observed 
in the in situ mixture of Pd(TFA)»., L5, and 
p-toluenesulfonic acid (PTSA). Then, alkoxy- 


0.5 mol% Pd(TFA)2, 
1.0 mol% ligand, 
2.0 mol% PTSA‘H2,0 


carbonylation occurred to selectively produce 
n-butyl pent-3-enoate 3a. This intermediate 
continuously accumulated to reach a maximum 
yield of about 50% after 90 min. Stopping the 
reaction at this time allowed isolation of 3a 
from the reaction mixture. Meanwhile, the 
active catalyst also promoted olefin isomer- 
ization. The terminal olefin n-butyl pent-4- 
enoate 3e could not be detected, which we 
attribute to its fast conversion into the linear 
adipate diester. 

Next, detailed optimization studies on the 
effect of palladium precursor, acid, temper- 
ature, and pressure were performed to further 
improve the practicality of the process (tables S2 
to S7). In particular, excellent catalyst turnover 
numbers (>60,000) were obtained using the 
presynthesized Pd(II)-HeMaRaphos complex 
under optimal conditions (table S9). Scaled- 
up reactions of 1,3-butadiene with methanol 
and n-butanol were then carried out at low 
catalyst loading [<0.5 mole % (mol %)] (table 
S8). The resulting esters were smoothly ob- 
tained in 88 to 95% yield and >97% linear 
selectivity. As an example, a reaction with- 
out additional solvent could be performed 
on a >200-g scale with a Pd loading of only 
0.05 mol % (fig. S2 and table S8). 

Beyond the specific importance of the di- 
carbonylation of 1,3-butadiene in the chem- 
ical industry, this methodology also offers 
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Fig. 2. Ligand optimization for palladium-catalyzed dicarbonylation of 1,3-butadiene. Reaction conditions for ligand optimization: butadiene (1.0 mmol, solution 
in toluene), Pd(TFA)2 (0.005 mmol, 0.5 mol %), ligand (0.01 mmol, 1.0 mol %), PTSA*H20 (2.0 mol %), "BUOH (2.0 ml), CO (40 bar), 120°C, and 24 hours; the ratio 
of products and yields were determined by gas chromatography analysis with mesitylene as the internal standard. Reactivity represents the yield of the diester. 

Selectivity represents the ratio of linear diester to all diesters. "Bu, n-butyl: ‘Bu, tert-butyl. 
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Fig. 3. Palladium-catalyzed dicarbonylation of 1,2- and 1,3-dienes. Me, methyl; Et, ethyl; "Pr, n-propyl; 'Pr, isopropyl. 


prospects for valorization of other dienes for 
fine chemical production (46-48). To show- 
case the generality of the catalyst system, 
15 different dienes and more than 30 alcohols 
were converted in high yield and selectivity 
to the corresponding diesters (Fig. 3). For 
example, several linear conjugated dienes la 
to 1f showed excellent reactivity and regiose- 
lectivity. Even for internal conjugated double 
bonds (1f), isomerization reactions led prefer- 
entially to the terminal products. Increased 
steric hindrance on the carbon chain, including 
a tetra-substituted conjugated diene, influenced 
the reactivity; however, the regioselectivity to 
the corresponding linear diesters remained 
very high (1g to 1k). 1-Phenyl-substituted 1,3- 
diene Il, for which the regioselectivity might be 
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more difficult to control, afforded excellent 
1,4-site selectivity. Using myrcene Im as an 
exemplary inexpensive, widely available natural 
diterpene, tri-alkoxycarbonylation was achieved 
smoothly. In addition to conjugated 1,3-dienes, 
1,2-dienes In and lo were converted to the 
corresponding linear diesters with similar 
activity and regioselectivity. 

Numerous aliphatic alcohols (products 4p 
to 4z and 5a to 5h) were also tolerated by 
the catalyst system and gave diesters in high 
yields and selectivity (>93%). Various func- 
tional groups (products 5m to 5p)—including 
electron-withdrawing fluorine, chlorine, and 
trifluoromethyl, as well as electron-donating 
methoxy—were compatible. Furthermore, a 
heterocyclic derivative (5q) and hydroxylated 
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natural products [(L)-menthol, (L)-borneol, 
and cholesterol] yielded the desired products 
with high regioselectivity. 
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EMOTION AND LANGUAGE 


Emotion semantics show both cultural variation and 


universal structure 


Joshua Conrad Jackson’, Joseph Watts?**°+, Teague R. Henry'{, Johann-Mattis List?, 
Robert Forkel’, Peter J. Mucha®’, Simon J. Greenhill, Russell D. Gray”, Kristen A. Lindquist!* 


Many human languages have words for emotions such as “anger” and “fear,” yet it is not clear whether 
these emotions have similar meanings across languages, or why their meanings might vary. We 
estimate emotion semantics across a sample of 2474 spoken languages using “colexification”—a 
phenomenon in which languages name semantically related concepts with the same word. Analyses 
show significant variation in networks of emotion concept colexification, which is predicted by 

the geographic proximity of language families. We also find evidence of universal structure in emotion 
colexification networks, with all families differentiating emotions primarily on the basis of hedonic 
valence and physiological activation. Our findings contribute to debates about universality and 
diversity in how humans understand and experience emotion. 


any human languages have rich vo- 

cabularies devoted to communicating 

emotions. Although not all emotion 

words are common—the German word 

Sehnsucht refers to a strong desire for 
an alternative life and has no direct trans- 
lation in English—there are many words that 
appear to name similar emotional states across 
the world’s spoken languages. Translation dic- 
tionaries, for example, suggest that the English 
word love can be equated with the Turkish 
word sevgi and the Hungarian word szerelem. 
But does this mean that the concept of “love” is 
the same in English, Turkish, and Hungarian? 
Here, we explore this question by examining 
the meaning of emotion concepts in a sample 
of 2474 languages from 20 major language 
families. Using a new method from compara- 
tive linguistics, we examine sources of varia- 
tion and structure in emotion semantics across 
this global sample of languages. 

Early theories of emotion, drawing from 
Darwin (1), suggested that there are a discrete 
number of universal emotions from which all 
other emotions are derived (2-4). Many of 
these theories claimed that, just as there are 
primary colors (e.g., yellow, red), there may be 
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primary emotions (e.g., anger, sadness) that 
evolved in mammalian brains (4). In turn, 
many languages may develop words for pri- 
mary emotion concepts such as “anger” and 
“sadness” because these concepts name ex- 
periences derived from universal biological 
structures that are shared by all humans (2-4). 
These theories do allow for cultural and lin- 
guistic variation in emotion, but tend not to 
model or predict this variation. 

There is a growing recognition, however, 
that emotions can vary systematically in their 
meaning and experience across culture and 
language (5-7). Constructionist models of emo- 
tion in particular claim that concepts such as 
“anger” and “sadness” do not derive from dedi- 
cated brain structures (8), but occur when hu- 
mans make socially learned inferences about 
the meaning of basic physiological processes 
linked to maintaining the body’s homeostasis 
(9, 10). The meaning of emotion concepts (i.e., 
“emotion semantics”) should thus draw from 
both culturally evolved conceptualizations as 
well as biologically evolved physiology. 

If cultural evolutionary processes shape the 
meaning of emotion concepts, the historical 
relationships between language groups should 
predict which languages have the most similar 
emotion semantics. Language groups in closer 
geographic proximity are the most likely to 
engage in borrowing (the sharing of concepts, 
norms, etc.) and also tend to share more re- 
cent common ancestors than geographically 
distant groups (77). We thus hypothesize that 
emotion semantics are associated with a lan- 
guage group’s geographic location: Language 
groups in close geographic proximity may have 
more similar emotion semantics than distant 
groups. Although cultural variation in emotion 
is plausible under many models of emotion, a 
link between geographic distance and emotion 
semantics would support constructionism’s 
claim that emotions are conceptualized using 
social learning. 
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Biologically evolved physiology should pro- 
vide universal structure to emotion seman- 
tics, but the exact sources of this structure 
are not clear. Constructionist models of emo- 
tion emphasize the roles of valence—the he- 
donic pleasantness versus unpleasantness of 
emotions—and activation—the physiological 
arousal associated with experiencing emotions 
(8-10). According to these models, valence and 
activation reflect basic neurophysiological 
processes that signal when the body shifts 
away from homeostasis (9), and the universal 
importance of these processes may lead all 
languages to differentiate emotions primar- 
ily on the basis of their degree of valence and 
activation. Other accounts, however, suggest 
that factors such as dominance, certainty, so- 
ciality, and approach-avoidance may also rep- 
resent universal dimensions of variance in 
emotion semantics (12-15). 

Predictions about the influence of culture 
and biology on emotion have long been exam- 
ined and debated, yet findings from past studies 
are mixed. An early study found that human 
subjects from remote Papua New Guinea 
matched posed facial expressions to emotional 
situations at similar rates to North Americans 
(16), whereas recent field studies among other 
small-scale societies have found considerably 
more cultural variability in people’s concep- 
tualization of emotion (77). These mixed results 
may be due to methodological limitations of 
past research. Owing to logistical challenges, 
the vast majority of cross-cultural studies have 
been two-group comparisons (17), and the few 
multigroup studies on emotion have sampled 
predominantly from industrial and globalized 
nations (78, 19). Moreover, human subject- 
based studies seldom present emotions as they 
naturally occur, instead using posed facial ex- 
pressions, fictional vignettes, and exaggerated 
vocalizations as test stimuli. Finally, human 
subject-based studies may be susceptible to 
demand characteristics and researcher bias: 
Studies with imposed training phases and 
forced choice paradigms have found evidence 
for universal recognition of emotion (16), 
whereas studies with fewer constraints have 
found more cultural variability (77). 

As an alternative to human subjects-based 
research, analyses of naturally occurring lan- 
guage can have high ecological validity and 
do not rely on human subject recruitment. 
Language may be an imprecise metric of ex- 
perience, but analyzing how people use words 
can reveal how they experience emotions as 
similar or different. Several linguistic studies 
have conducted these analyses by qualitatively 
comparing the meaning of emotion words by 
searching for semantic primitives that have 
similar meanings across many languages (20). 
Yet few studies have quantitatively compared 
the meaning of emotion words because the 
field lacks metrics that quantify the semantic 
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distance between words such as the English 
love and the Turkish sevgi (27). 

To overcome this challenge, we take a new 
quantitative approach to estimate variabil- 
ity and structure in emotion semantics. Our 
approach examines cases of colexification, 
instances in which multiple concepts are co- 
expressed by the same word form within a 
language. Colexifications are useful for ad- 
dressing questions about semantic structure 
because they often arise when two concepts 
are perceived as conceptually similar (22, 23) 
(see fig. S5). Persian, for instance, uses the 
word-form enduh to express both the con- 
cepts of “grief” and “regret,” whereas the Sirkhi 


Universal 


dialect of Dargwa uses the word-form dard 
to express both the concepts of “grief” and 
“anxiety.” Persian speakers may therefore 
understand “grief” as an emotion more sim- 
ilar to “regret,” whereas Dargwa speakers 
may understand “grief” as more similar to 
“anxiety.” 

Past research has used colexification pat- 
terns across languages to examine the seman- 
tic structure of non-emotion concepts. Youn 
and colleagues coded dictionaries from 81 lan- 
guages to show that concepts such as “sun,” 
“river,” “mountain,” and “hill” had universal 
patterns of colexification that reflected con- 
cepts’ material and functional properties (27). 


Austronesian 


Fig. 1. Colexification of emotion concepts across all languages (top left) and the largest language 
families. Nodes are emotion concepts, and node size represents the number of colexifications involving the 
concept. Edges represent colexifications, and edge thickness represents the number of colexifications 
between two emotion concepts. Node color designates community. 
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For instance, languages were more likely to 
colexify concepts such as “water” and “sea,” 
than concepts such as “sun” and “water,” im- 
plying that speakers of these languages viewed 
“water” and “sea” as semantically similar con- 
cepts and “sun” and “water” as distinct. We use 
a similar approach to estimate the variation 
and structure of emotion semantics across 
language families. 

To gather a high-powered sample, we com- 
putationally aggregated colexifications into 
a database of cross-linguistic colexifications 
(CLICS) featuring 2474 languages and 2439 
distinct concepts—including 24 emotion con- 
cepts. We then used a random walk proba- 
bility procedure to generate colexification 
networks (24). In these networks, nodes rep- 
resented emotion concepts, and edges repre- 
sented colexifications between these concepts, 
weighted by the number of languages that 
possessed a particular colexification. We used 
this procedure to construct a network for all 
languages in our database, and then for 20 in- 
dividual language families whose colexification 
networks had a significant level of modularity 
(ps < 0.001). Although nodes in each language 
family network were labeled with the same 
emotion concepts (“anger”), comparing pat- 
terns of colexification across language families 
allowed us to test whether these nodes ac- 
tually showed universal semantic equivalence 
or whether their patterns of association ref- 
lected semantic variation (see supplementary 
text for more details). 

A key step in these network comparisons 
involved identifying communities: clusters of 
emotion concepts that are more tightly col- 
exified with one another than with emotion 
concepts outside of the community. For each 
network, we computed community structure 
using the Cluster Optimal algorithm (25). 
Figure 1 displays the global colexification net- 
work and the five largest language family- 
specific networks, and fig. S1 displays the 
remaining language families. Family-specific 
colexification networks allowed us to estimate 
global variability in emotion semantics and to 
predict variation and structure in emotion 
semantics across language families. 

We estimated global variation in emotion 
semantics by comparing the community struc- 
tures of language family networks. We quanti- 
fied agreement in community structure using 
adjusted Rand indices (ARIs), which indicate 
the similarity of two networks’ community 
structures (26). Negative ARI values indicate 
that two networks’ community partitions vary 
more than would be expected by chance, ARI 
values of 0 indicate that two networks’ com- 
munity partitions vary at a level that would be 
expected at chance, and ARI values approach- 
ing 1 reflect high agreement in community 
structure between two networks. The distrib- 
ution of raw ARIs indicated high variability 
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in community structure across language fam- 
ilies, with a mean ARI of 0.09 (SD = 0.11). Be- 
cause ARIs can be artificially low in networks 
with few edges owing to isolated nodes, we 
also examined the ARI values for a thresh- 


§)} Emotion Concepts (All Cases) 


i) Emotion Concepts (Permutation Robust) 


olded set of community comparisons. Through 
a series of permutation tests, we identified 
pairs of communities that were more similar 
than would be expected by chance and then 
thresholded our sample to only include these 
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Fig. 2. The distributions of all pairwise language family ARI values for emotion concepts (in orange) 
and color concepts (in light blue), and the distributions of permutation-robust ARI values for emo- 
tion concepts (in red) and color concepts (in dark blue). Emotion concepts had significantly lower ARI 
values than color concepts, showing more semantic variability. 
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permutation-robust community comparisons. 
With this more conservative set of compar- 
isons, the mean ARI was 0.22 (SD = 0.09), still 
reflecting high variability in emotion seman- 
tics across language families. 

To test whether variation in emotion co- 
lexification patterns merely arose from meth- 
odological factors, such as the way that 
concepts were glossed in our database, we 
next compared the ARI values from our emo- 
tion concept comparisons to ARI values for 
colexification networks involving color con- 
cepts. Color concepts have also been studied 
cross-linguistically (27) and are frequently 
compared to emotion concepts (4), making 
them an appropriate sample of comparison 
concepts. In the full sample of comparisons, 
color concepts had a mean ARI of 0.35 (SD = 
0.17), significantly higher than the full sample 
of emotion concept comparisons, ¢(390) = 
18.51, p < 0.001. In the permutation-robust 
sample of comparisons, color concepts had a 
mean ARI of 0.41 (SD = 0.15), again showing 
more universality than the permutation- 
robust sample of emotion concept compar- 
isons, t(158) = 11.44, p < 0.001 (Fig. 2). This 
difference also replicated when equating the 
number of color and emotion concepts, t(334) = 
15.52, p < 0.001 (see materials and methods 
for more details). Emotion semantics thus vary 
widely across language families, and their var- 
iation is significantly greater than variation in 
color semantics. 

Our next analysis investigated whether geo- 
graphic proximity predicted the pattern of 
variation in emotion semantics across lan- 
guage families. We tested this hypothesis by 
correlating the geographic proximity of lan- 
guage families (via the latitude and longitude 
coordinates of their languages) with their pair- 
wise ARI values. As predicted, language fami- 
lies with higher pairwise ARI values were in 
closer geographic proximity, both in the full 
sample of our ARI comparisons, 7(188) = —0.26, 
p < 0.001, and in the smaller permutation- 
robust sample, 7(55) = —0.29, p = 0.03 (Fig. 3). 
These associations suggest that emotion se- 
mantics do not vary randomly; their variation 
is tied to the cultural evolutionary relationship 
between language families. 

Finally, we tested whether any psychophys- 
iological dimensions could predict the se- 
mantic structure of emotion across language 
families. We examined the explanatory power 
of six dimensions (valence, activation, dom- 
inance, certainty, approach-avoidance, and 
sociality) by testing whether they predicted 
the community membership of emotion con- 
cepts across colexification networks. Using 
ratings of 200 online participants (90 female, 
110 male; Mage = 34.11, SDage = 10.52), we first 
classified our emotion concepts on these di- 
mensions using a 1-10 Likert-type scale. We 
also classified a set of five “neutral” concepts 
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(ordinary, nondescript, indifferent, neutral, 
and impartial). Using a multilevel structural 
equation model in which participants’ ratings 
of emotion concepts on these dimensions pre- 
dicted the community membership of emo- 
tion concepts, we were then able to test how 
well each dimension differentiated emotion 
communities from our set of neutral words. If 
a dimension was highly predictive, the model’s 
Akaike information criteria (AIC) fit would 
show a large decrement when the dimension 


was removed from the model. By contrast, 
removing nonpredictive dimensions would 
have less of an impact on the model’s AIC fit. 
We ran this analysis for all language families 
except the Nuclear Macro-Je, for which models 
did not converge because only a single com- 
munity contained multiple emotion concepts. 

The results of this leave-one-out analysis re- 
vealed higher predictive power for valence and 
activation than for other dimensions (Fig. 4). 
Valence was the most predictive dimension, 


fl Approach-Avoidance 


with the highest AIC fit decrements (Majc = 
323.50) for the all-family network and for 13 
of the 19 language families in our analysis. 
Activation was the most predictive dimension 
for the remaining six language families (Majc = 
208.76). Approach (Majc = 35.82), certainty 
(Majic = 30.26), dominance (Majc = 26.18), and 
sociality (Warc = 7.41) had far less predictive 
power than valence and activation, and com- 
paring the distributions of fit decrements 
across language families revealed that both 


re Sociality 


Austronesian Austro-Asiatic 


a Valence fel Activation | Dominance | Certainty 
All Families Indo-European Tai- Kadai 

5 800 600 300 
400 

5 ae 400 200 

SO 400 

o 200 

ae (| L 200 | 100 

4 

uo = 0 [] = 0 am 0 

ty Sino-Tibetan Nakh-Dagestanian |, Pano-Tacanan 

7 600 

= 400 200 

© 400 100 

a) 

® 200 100 

"il "| al a | 

_ 

Lt oO — 0 ——— 0 om 0 

Afro-Asiatic Tupian Cariban 

= 200 300 300 300 

o 

E 150 200 200 200 

5 100 

o 100 100 

a ss 100 A 

ic (0) = [| a (0) »_. LJ — (0) = — (0) 

* 400 Dravidian 300 Tucanoan 150 Arawakan 450 

o 

E aa 200 100 100 

S 200 

a ‘00 100 ] 50 50 

ig =—— mi _ 0 — | | —— 0 __ 0 


p= 
aS 
eee 
—_ 


Dimension 


da 
fl 
| oe 


Atlantic-Congo 


Turkic 


Tungusic 


300 


200 


Uralic 


Hmong Mien 


‘1... 


Matacoan 


400 


Distribution of Fit Decrements 


Fig. 4. Results from a leave-one-out analysis examining relative decrements in model fit following the removal of each dimension. The top panel represents 
the AIC fit decrements associated with removing dimensions from a predictive model of emotion community membership. Higher decrements indicate that the 
dimension was more predictive. The bottom panel shows the distribution of AIC fit decrements for each dimension. Valence and activation had significantly higher 
average decrements than other dimensions. 
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valence (ps < 0.001) and activation (ps < 0.001) 
had significantly higher decrements (i.e., ex- 
plained more variance) than these other dimen- 
sions, and that valence had a higher average 
fit decrement than activation, ¢(19) = 2.70, p = 
0.01. These findings suggest that languages 
around the world primarily differentiate emo- 
tions on the basis of valence and activation 
(see materials and methods for further analy- 
ses and discussion). 

Our findings reveal wide variation in emo- 
tion semantics across 20 of the world’s lan- 
guage families. Emotion concepts had different 
patterns of association in different language 
families. For example, “anxiety” was closely 
related to “fear” among Tai-Kadai languages, 
but was more related to “grief” and “regret” 
amongst Austroasiatic languages. By contrast, 
“anger” was related to “envy” among Nakh- 
Daghestanian languages, but was more re- 
lated to “hate,” “bad,” and “proud” among 
Austronesian languages. We interpret these 
findings to mean that emotion words vary 
in meaning across languages, even if they 
are often equated in translation dictionaries. 
The supplementary materials contain an ex- 
tended discussion of why other technical and 
sampling artifacts are unlikely to account 
for the variation that we observed in emotion 
semantics. 

Geography partly explained variation in 
emotion semantics, such that geographically 
closer language families tended to colexify 
emotion concepts in more similar ways than 
distant language families. Geographically prox- 
imal societies often have more opportunities 
for contact through trade, conquest, and mi- 
gration and share more recent common an- 
cestry than distant groups (17). This suggests 
that historical patterns of contact and com- 
mon ancestry may have shaped cross-cultural 
variation in how people conceptualize emo- 
tions. We encourage future research to examine 
the specific vertical and horizontal transmis- 
sion processes that give rise to geographic 
variation in emotion semantics. 

Despite this variation, we find evidence for a 
common underlying structure in the meaning 
of emotion concepts across languages. Valence 
and physiological activation—which are linked 
to neurophysiological systems that maintain 
homeostasis (9)—served as universal constraints 
to variability in emotion semantics. Positively 
and negatively valenced emotions seldom be- 
longed to the same colexification communities, 
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although there were notable exceptions to this 
pattern. For example, some Austronesian lan- 
guages colexified the concepts of “pity” and 
“love,” which implies that these languages 
may conceptualize “pity” as a more positive 
(or “love” as a more negative) concept than 
other languages. The ability of valence and 
activation to consistently predict structure in 
emotion semantics across language families 
suggests that these are common psychophys- 
iological dimensions shared by all humans. 

Questions about the meaning of human 
emotions are age-old, and debate about the 
nature of emotion persists in scientific litera- 
ture. The colexification approach that we take 
here provides a new method and a set of 
metrics to answer these questions by creating 
vast networks of how people use words to 
name experiences. Analyzing these networks 
sheds light on the cultural and biological 
evolutionary mechanisms underlying how 
emotions are ascribed meaning in languages 
around the world. Although debates about the 
relationship between language and conscious 
experience are notoriously difficult to resolve 
(28), our findings also raise the intriguing pos- 
sibility that emotion experiences vary system- 
atically across cultural groups. More broadly, 
our study shows the value of combining large 
comparative linguistic databases with quan- 
titative network methods. Analyzing the di- 
verse ways that people use language promises 
to yield insights into human cognition on an 
unprecedented scale. 
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A class of y6 T cell receptors recognize the 
underside of the antigen-presenting molecule MRI 


Jéréme Le Nours'*, Nicholas A. Gherardin®**, Sri H. Ramarathinam’, Wael Awad’, Florian Wiede™®, 
Benjamin S. Gully”, Yogesh Khandokar’, T. Praveena’, Jacinta M. Wubben’, Jarrod J. Sandow®”, 
Andrew I. Webb®”, Anouk von Borstel*”, Michael T. Rice’”, Samuel J. Redmond’, 

Rebecca Seneviratna’, Maria L. Sandoval-Romero?, Shihan Li°*, Michael N. T. Souter’, 

Sidonia B. G. Eckle*, Alexandra J. Corbett?, Hugh H. Reid*’, Ligong Liu®°, David P. Fairlie®®, 
Edward M. Giles?°, Glen P. Westall"”, Richard W. Tothill’?"*, Martin S. Davey”, Richard Berry*”, 
Tony Tiganis">, James McCluskey’, Daniel G. Pellicci**+, Anthony W. Purcell’, Adam P. Uldrich*4, 


Dale I. Godfrey*“+8§, Jamie Rossjohn’*+§ 


T cell receptors (TCRs) recognize antigens presented by major histocompatibility complex (MHC) and 
MHC class I-like molecules. We describe a diverse population of human y6 T cells isolated from peripheral 
blood and tissues that exhibit autoreactivity to the monomorphic MHC-related protein 1 (MR1). The 
crystal structure of a ySTCR-MR1-antigen complex starkly contrasts with all other TCR-MHC and 
TCR-MHC-I-like complex structures. Namely, the y5TCR binds underneath the MR1 antigen-binding cleft, 
where contacts are dominated by the MR1 a3 domain. A similar pattern of reactivity was observed 
for diverse MR1-restricted ySTCRs from multiple individuals. Accordingly, we simultaneously report 
MR1 as a ligand for human yé6 T cells and redefine the parameters for TCR recognition. 


Ipha beta T cell receptors (aBTCRs) rec- 
ognize antigens presented by major 
histocompatibility complex (MHC) and 
MHC class I-like molecules, including 

CD1 and MHC-related protein 1 (MR1) 

(1). A paradigm in T cell-mediated immunity is 
TCR binding atop the antigen-binding cleft of 
these molecules. However, knowledge of the 
range of physiological ligands that yé T cells 
recognize is very limited. MRI presents vita- 
min B precursors and by-products to a highly 
abundant innate-like T cell subset in humans 
called mucosal-associated invariant T (MAIT) 
cells (2, 3). Whether the y6 T cell lineage also 
encompasses MR1-reactive T cells is unknown. 
We detected MR1-tetramer” 76 T cells among 
human peripheral blood mononuclear cells 
(PBMCs) (Fig. 1A). These cells ranged from 
<0.001 to 0.1% of CD3* T cells (Fig. 1B), and 
from <0.1 to 5% of yé T cells (Fig. 1C). MR1-5- 
OP-RU tetramer® yd T cells [5-OP-RU, 5-(2- 
oxopropylideneamino)-6-D-ribitylaminouracil] 
were mostly CD4-CD8a° or CD8a* with var- 
iable CD161 expression. Thus, they resembled 
other cells of the yé T cell lineage (Fig. 1, D to G). 
Next, we magnetically enriched total ySTCR* 
cells from healthy human blood and screened 
these with MRI tetramers (Fig. 1, H to J). The 
staining profiles were variable, with some 


donors exhibiting defined populations with 
high- or low-intensity staining (donors 5 and 
6, respectively). However, the majority of do- 
nors displayed more-diffuse staining patterns 
(like donor 7). These were similar in frequency 
to CD1d-reactive y6 T cells (Fig. 1, H to J). We 
also assessed tissue samples from healthy sub- 
jects (fig. S1). Similar to blood, subpopulations 
of yd T cells stained with MRI tetramers in 
liver, stomach, lung, and duodenum (fig. S1). 
Notably, a newly diagnosed Celiac disease pa- 
tient had an enrichment of V61* yé T cells that 
stained with MR1-5-OP-RU tetramers but not 
MRI-6-FP tetramers (fig. $2). In a tumor in- 
filtrate from a Merkel cell carcinoma patient, y6 
T cells were highly enriched (fig. $3). TCR se- 
quencing of this population revealed clonally 
expanded cells, including 20% with a V51-Vy3* 
TCR, which, upon transduction into human 
embryonic kidney 293T (HEK293T) cells, ex- 
hibited antigen-independent MRI reactivity 
(fig. S3). Thus, MR1-restricted y6 T cells are 
present in the blood and tissues of healthy 
subjects and may be enriched in association 
with some diseases. 

Next, total V52" y6 T cells were magnetically 
enriched from healthy donor PBMC samples 
(fig. S4) (4). Although there were some antigen- 
related modulations in MR1-tetramer staining 


intensity of some populations, most of the MR1 
tetramer® y6 T cells were stained regardless of 
the type of antigen loaded. Thus, there appears 
to be an inherent autoreactivity toward MR1 
by most PBMC-derived MRI-restricted yd 
T cells (Fig. 1K). We then determined which 
ydTCR genes were used by these cells (table S1). 
Analysis of 76 TCR 6-chains revealed that most 
(72%) used TRDVI. The remainder, aside from 
one TRDV5" clone, expressed TRDV3 (Fig. 2A). 
MR1-restricted y6 T cells used all functional 
TRGV genes including TRGV2, 3, 4, 5, 8, and 
9 (Fig. 2A). The TRDVI* and TRDV3* TCRs 
predominantly paired with TRGV8. The un- 
usual “clustered” staining profile was due to 
different clonal populations exhibiting vari- 
able staining intensities (fig. S5). Thus, MR1- 
restricted y6 T cells can use diverse ySTCR genes 
to bind to MRI. 

To test antigen reactivity, some MR1-restricted 
yoTCRs were transfected into HEK293T cells. 
All of these TCRs bound human MR1 tet- 
ramers loaded with 5-OP-RU or with Ac-6-FP, 
although some (G19 and G82.C8.2) stained 
more brightly with MR1-5-OP-RU tetramer 
(Fig. 2B). Only some of these TCRs bound to 
mouse MR1-Ac-6-FP tetramer (Fig. 2B). How- 
ever, all of these TCRs recognized the empty 
form of human MR1 (MRI1-K43A) (Fig. 2C). 
Thus, MRI autoreactivity appears to be a driv- 
ing force for ySTCR recognition of MRI, but 
with some potential for antigenic modulation. 

We investigated MR1-dependent signaling 
through the ySTCRs on TCR-transduced Jurkat- 
76 cell lines. Four of these lines were activated 
(marked by the up-regulation of CD69) in 
response to MR1-transduced cell lines (Fig. 2D). 
The other four TCRs (G7, G19, G82.C7.1, and 
G83.C5) failed to trigger CD69 up-regulation 
despite clear binding to MR1 tetramers. We 
then determined whether these TCRs signaled 
in response to MR1, as measured by mitogen- 
activated protein kinase 1 and 2 (ERK1/2) phos- 
phorylation (Fig. 2E). A significant response was 
observed for all but one of the ySTCR* cell lines 
tested. Thus, MR1-restricted ySTCRs are capable 
of activating T cells upon MRI recognition, 
with the magnitude of signaling and activa- 
tion varying between different ySTCRs. 

We purified recombinant soluble forms of 
the G7, G19, and G21 ySTCRs and measured 
the affinity of their interaction with MR1 
bound to 6-FP, Ac-6-FP, and 5-OP-RU using 
surface plasmon resonance (SPR) (fig. S6). 
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Fig. 1. Identification and characterization of MR1-restricted y5 T cells. (A) Flow — (E), CD161 expression (F), and CD161 mean fluorescence intensity (MFI) on CD161* 
cytometry dot plots showing MR1 tetramer* yé T cells in PBMCs (gated on CD3* cells (G) for T cell subsets (n = 12). Error bars denote SEM. DN, double negative 
CD19 CD14 cells). (B) Percentage of MAIT cells (red), MR1 tetramer” y6 T cells (CD4°CD8); Conv., conventional. (H) Flow cytometry dot plots showing MR1- 
(green), and MR1 tetramer y& T cells (orange) of total T cells or (C) percentage of © 5-OP-RU and CDld-oGalCer-tetramer staining of V51" y8 T cells enriched from 

y6 T cells in PBMC (n = 12 PBMC samples). Points on x axis are <0.001% (B) three representative PBMC samples. (I and J) Percentage of MR1-5-OP-RU or 
or <0.1% (C) (n = 12 donors). Whiskers denote minimum and maximum points. CD1d-aGalCer-tetramer® cells of total y T cells (I) or V81" T cells (J) (n = 7 donors). 
(D) Flow cytometry dot plots showing CD4, CD8, and CD161 expression on Whiskers denote minimum and maximum points. (K) Flow cytometry dot plots 
conventional T cells, MAIT cells, MR1 tetramer”, and MRI tetramer* y8 T cells from showing MR1-tetramer staining of enriched and expanded TRAV1-2> MR1-Ac-6-FP 
a representative donor. (E to G) Cumulative data showing CD4 and CD8 distribution — tetramer” cells from four PBMC samples. SAv-PE, streptavidin-phycoerythrin. 
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with 
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Experiments were performed three times with 
similar results. (D) CD69 expression (mean of MFI) on Jurkat76 cells transduced with TCRs as in (B), after coculture with wild-type, MR1"! or MRI CIR APC cell lines in 
the presence of absence of Ac-6-FP or Ac-6-FP plus anti-MR1. Basal indicates Jurkat76 cells alone. Error bars denote mean + SEM. Each data point is from an independent 
experiment and represents mean of two technical replicate wells. Statistical analyses performed were paired Student's t tests with Bonferroni correction for multiple hypothesis 
testing. (E) Detection of ERK1/2 phosphorylation (pERK1/2) in Jurkat76 cell lines described in (C), after coculture with MRI"! or MR1“° CIR cell lines analyzed by flow cytometry. 
Data shows means + SEM for (n = 7 separate experiments for G7 and G21; n = 4 for remaining cell lines). Statistical analysis was performed using the Mann-Whitney U test. 
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All three ySTCRs recognized MR1-5-OP-RU 
with moderate affinity (fig. S6, A to C). The 
G7 and G21 yéTCRs interacted with MR1-6-FP 
and Ac-6-FP with similar affinity to that of 
MRI1-5-OP-RU (fig. S6, A and B), whereas G19 
bound with weaker affinity to MR1-6-FP when 
compared with that of MR1-5-OP-RU (fig. S6C). 
Thus, ySTCRs may exhibit MR1 autoreactivity, 
but with some potential to be modulated by 
MR1-bound antigen. 

We determined the crystal structure of the 
G7 yoTCR-MRI1-5-OP-RU ternary complex 
(table S2). Here, the G7 ySTCR adopted a 
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highly distinct and unusual docking strategy 
in that it bound to the a3 domain of MR1 
(Fig. 3A and fig. S7), sharply contrasting the 
docking mode adopted by the MAIT TCR above 
the MR1-antigen binding cleft (Fig. 3B). The 
G7 y5TCR sat underneath the MR1 antigen- 
binding cleft, where the Vy chain was orien- 
tated toward the plane of the membrane and 
the V6 chain pointed toward the cleft. Given 
the highly unusual G7 ySTCR-MRI1 docking 
topology observed in the crystal lattice, we 
investigated the docking topology in solution, 
using solution phase hydrogen-deuterium ex- 
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change mass spectrometry (figs. S8 to S10) and 
small-angle X-ray scattering (SAXs) (fig. S11). 
These complementary approaches (see sup- 
plementary text and tables S3 and S4) fully 
validated the observed docking mode. 

The ySTCR-MR1 total buried surface area 
(BSA) upon complexation was 2030 A?. Within 
this ySTCR-MR1 footprint, the BSA of the G7 
TCR was 1050 A” to which the TCR 6 and y 
chains contributed 84 and 16% BSA to the 
ydTCR-MR1 interaction, respectively (Fig. 3C). 
The TCR y chain mainly contacted the base 
of the a3 domain (BSA: ~190 A”) (Fig. 3C and 


Fig. 3. Overview of the G7 ySTCR- 
MR1-5-OP-RU complex and molecular 
interactions. (A) Cartoon repre- 
sentation of the G7 y8TCR-MRI1-5-OP- 
RU ternary complex: huMR1, gray; B2m, 
light orange; y9 chain, light blue; 

81 chain, pale green; CDRly, magenta; 
CDR2y, orange; CDR3y, green; CDR16, 
brown; CDR28, blue; and CDR38, red. 
C termini of y8TCR are shown as 
spheres. (B) Cartoon representation 

of the MAIT aBTCR-MR1-5-OP-RU 
ternary complex (PDB ID: 4NQC): MRI, 
gray; 82m, light orange; a-chain, 

teal; B-chain, salmon; CDRIa, yellow; 
CDR2a, blue; CDR3a, red; CDRIB, 
magenta; CDR28, orange; CDR38, 
green. (C) Molecular interactions 

of MR1 with CDR18, framework 8 chain, 
CDR38, and framework y chain. 

Rl, light gray; CDR18, yellow; CDR36, 
red; framework 6 chain, pale green; 
framework y chain, light blue. For 
clarity, only hydrogen bonds are shown 
as red dashed lines. Footprint of 

the G7 y5TCR on the surface of MR1 
(color coding as above). 
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G7 ySTCR-MR1-5-OP-RU 


Fig. 4. Generality of «3-docking MR1-restricted ySTCRs. (A) Intensity of 
tetramer staining of HEK293T cells transfected to express MR1-restricted ySTCRs 
and a MAIT TCR and stained with a panel of «3 and al-a2 domain MR1 mutant 
tetramers. Error bars denote SEM of three independent experiments. (B) Histograms 
of the affinity measurements of the G7 and G21 ySTCRs for the a3-domain MR1 
mutants depicting the equilibrium dissociation constant (Kq) fold difference between 
the wild-type MR1 Ky and the corresponding mutants K, (yellow bars: less than 
threefold difference; orange bars: threefold to fivefold difference; red bars: greater 
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G83.C5 ySTCR-MR1-5-OP-RU 


TCRV81 


than fivefold difference). Error bars represent SEM from two independent 
experiments, each measurement in duplicate. (©) SAXs envelopes for the AF-7 
aBTCR, G7 ySTCR, G21 ySTCR, and G83.C5 yéTCR bound to MRI (also see fig. S11). 
(D) Flow cytometry showing wild-type or Mutx5 MR1-tetramer staining (t CD8 
blockade) of enriched and expanded TRAV1-2" MR1-tetramer* cells from 6 donors 
(out of 20) where staining was affected by the Mutx5 tetramers (gated on CD3* 
TRAV1-2" ySTCR* cells). Experiment was performed twice with similar results. 

Red boxes indicate populations with distinct staining profiles for different tetramers. 
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table S5). The more dominant Vé-chain con- 
tacts encompassed a greater area of the a3 
domain of MRI (BSA: ~660 A”) (Fig. 3C). Here, 
the framework region of V61 and the CDR16 
loop contributed 19 and 25% BSA, respectively, 
whereas the CDR36 loop contributed 40% BSA. 
The CDR36 loop lies across the a3 domain of 
MRI where hydrophobic residues dominated 
the interactions with MR1 (Fig. 3C). Addition- 
ally, the Trp-rich germline-encoded CDR16 
contributed to the interface (Fig. 3C). The 03 
domain of human MHC-I binds to natural 
killer cell receptors (LILRB1 and LILRB2) 
(5-8) (fig. S11) and to the CD8 co-receptor 
(fig. S12) (9). The overall G7 ySTCR contact 
zone on the MR1 a3 domain was more re- 
miniscent of the latter. Thus, interactions me- 
diated primarily between the TCR 6 chain and 
the a3 domain of MR1 underpin G7 yéTCR 
docking on MRI. 

To gauge the generality of the recognition 
strategy among other MR1-restricted ySTCRs, 
we undertook an extensive MR1 mutagenesis 
study (fig. S13). The majority of the 03 domain 
mutants significantly reduced the staining of 
the transfected G7 and G83.C5 y5TCRs (Fig. 4A 
and fig. S14A). These observations were sup- 
ported by SPR measurements (Fig. 4B and 
fig. S14, B and C), which confirms the unusual 
G7 docking topology and also suggests a sim- 
ilar recognition strategy adopted by G83.C5 
yoTCR. SAXs analysis of these ySTCRs (Fig. 
4C and fig. S11) indicated that the G21 ySTCR 
interacted with the antigen-binding cleft of MR1. 
In contrast, ab initio reconstructions derived 
from the G83.C5 ySTCR-MR1 scattering data 
revealed an overall shape similar to that of 
the G7 ySTCR-MRI crystal structure (Fig. 4C 
and fig. $11). Thus, two ySTCRs with reduced 
signaling profiles (Fig. 2, D and E) docked be- 
neath the antigen-binding cleft. 

We next generated an a3-domain quintuple- 
mutant MR1 tetramer (Mutx5) on the basis 
of residues important for G7 binding. This 
was used to screen for other MR1 a3 domain- 
reactive T cells from 20 additional donors. 
Previous studies have suggested a potential 
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role for the CD8 co-receptor in modulating 
TCR-mediated MRI responsiveness (10), which 
could also be affected by the o3-mutant tet- 
ramer. Accordingly, we preincubated PBMC 
with blocking anti-CD8a monoclonal anti- 
body to remove this confounding factor (/1). 
These cells were then stained with wild-type 
or o3-mutant tetramers loaded with Ac-6-FP 
(Fig. 4D and fig. S15). After eliminating the 
influence of CD8 coreceptor, a comparison of 
a3-mutant MR1 tetramer to wild-type MR1 
tetramer staining identified a population of 
a3 domain-dependent yé T cells in 6 out of 
20 donors (Fig. 4D). 

We have described a phenotypically diverse 
population of human y6 T cells that recog- 
nizes MRI. These MR1-reactive yd T cells were 
found in both healthy and diseased tissues, 
suggesting a role in physiology and pathology. 
The prevailing view is that TCRs sit atop the 
antigen-binding platform and simultaneously 
co-recognize the presented antigen. Surpris- 
ingly, we show that MR1-restricted ySTCRs can 
adopt diverse binding modes with MRI, in- 
cluding underneath the antigen-binding plat- 
form of MR1. Thus, we simultaneously identify 
a human self-ligand for yé T cells and trans- 
form our understanding of TCR recognition 
determinants. 
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Foldamer-templated catalysis of 


macrocycle formation 


Zebediah C. Girvin, Mary Katherine Andrews, Xinyu Liu, Samuel H. Gellman* 


Macrocycles, compounds containing a ring of 12 or more atoms, find use in human medicine, 
fragrances, and biological ion sensing. The efficient preparation of macrocycles is a fundamental 
challenge in synthetic organic chemistry because the high entropic cost of large-ring closure allows 
undesired intermolecular reactions to compete. Here, we present a bioinspired strategy for macrocycle 
formation through carbon-carbon bond formation. The process relies on a catalytic oligomer 
containing a@- and B-amino acid residues to template the ring-closing process. The a/B-peptide 
foldamer adopts a helical conformation that displays a catalytic primary amine-secondary amine 
diad in a specific three-dimensional arrangement. This catalyst promotes aldol reactions that 

form rings containing 14 to 22 atoms. Utility is demonstrated in the synthesis of the natural 


product robustol. 


acrocyclic compounds, containing a 
ring of 12 or more atoms, play impor- 
tant roles in biology and medicine 
(1-3). Engineered macrocycles have 
engendered new technologies (4) and 
new therapeutic strategies (5). Efficient syn- 
thesis of macrocycles is challenging because 
the entropic penalty associated with ring clo- 
sure allows competition from intermolecular 
side-reactions, reducing yields of the desired 
products (6-10). Preorganization of linear pre- 
cursors through multipoint coordination of a 
metal cation, an anion, or a neutral partner 
can facilitate synthesis of specific macrocycle 
classes (Fig. 1A), but this strategy depends on 
noncovalent interaction sites in the linear pre- 
cursor (9-12). Intramolecular alkene metathe- 
sis can be very effective for formation of large 
rings (9, 13-15). This process features catalytic 
metal-based activation of terminal alkenes in a 
linear precursor, but additional coordination 
between internal functionality and the metal 
center is necessary (9, 13-16). Biosynthetic ma- 
chinery overcomes the entropic cost of macro- 
cycle formation by holding linear precursors 
in appropriate conformations, catalyzing the 
ring-closure reaction, and inhibiting compet- 
ing intermolecular processes (17, 18). We took 
inspiration from biological catalysts to develop 
a macrocyclization catalyst in which a well- 
folded oligomer activates both ends of a linear 
precursor and orients the termini for reaction, 
thereby serving as a template for ring closure 
through carbon-carbon bond formation. 

Our approach uses a foldamer designed to 
facilitate macrocyclization through aldol con- 
densation by proper orientation of two cata- 
lytic groups. We build on pioneering work by 
Miller et al., who employed related design 
principles to achieve site-specific catalytic 
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functionalization of complex substrates (79). 
Our work complements the development of 
small molecules that serve as bifunctional 
catalysts, such as the recent mimicry of glyco- 
transferase enzymes with cyclic bis-thioureas 
(20) and the recent stereoselective formation 
of nucleoside phosphoramidates with bis- 
imidazoles (27). Neither of these cases, how- 
ever, involved macrocycle formation. 
Oligomer 1 (Fig. 1B) contains both a- and 
B-amino acid residues and features an off 
backbone repeat pattern, which favors a heli- 
cal conformation that has approximately three 
residues per turn (22, 23). Use of B residues 
with a five-membered ring constraint, such 
as the cyclopentane- and pyrrolidine-based 


A Macrocyclization strategies 


Guest-mediated cyclization 


B Foldamer vs. small molecule catalysis 


10 mol % Catalyst 
2 eq. NEt; 

2 eq. CH;CH,CO2H 

96:4 iPrOH:H,0 


Ring-closing metathesis 


residues in 1, enhances helix stability (22). A 
related o/6 peptide containing two pyrrolidine- 
based residues catalyzes intermolecular crossed 
aldol condensations involving formaldehyde as 
the electrophile (24). Optimal catalysis required 
4i+3 spacing of the pyrrolidine residues, which 
causes alignment of these two catalytic units 
upon helical folding. a/f-Peptide 1 is distinct 
from the earlier example in that one of the 
catalytic units is a primary amine, a difference 
that proved to be consequential. 

The current study began with an unexpected 
observation. We asked whether o/f-peptide 1 
would promote cyclization of C9 dialdehyde A 
to form cyclooctene-1-aldehyde (Fig. 1B). The 
reaction conditions, based on precedents from 
Pihko et al. and our previous studies (24, 25), 
included propionic acid and triethylamine as 
additives and aqueous isopropanol as solvent. 
The cyclooctene derivative, however, was not 
observed when 10 mM A was allowed to re- 
act in the presence of 10 mole % (mol %) I, al- 
though A appeared to be fully consumed within 
24 hours. Instead, the foldamer catalyzed for- 
mation of a product mixture in which the prin- 
cipal components were cyclodimers. We isolated 
the major cyclodimer and identified it by two- 
dimensional (2D) nuclear magnetic resonance 
(NMR) spectroscopy to be the 16-membered 
ring E,E diene B. Liquid chromatography- 
mass spectrometry (LC-MS) revealed initial 
formation of intermolecular aldol adduct C, 
but the amount of this intermediate remained 
low throughout the reaction, suggesting rap- 
id cyclization. By contrast, a 1:1 mixture of 
pyrrolidine and n-butylamine (10 mol % each) 


This Work: Foldamer catalysis 


+ isomer(s) 
+ cyclotrimers 


CHO 


Fig. 1. Macrocyclization strategies. (A) Prior approaches and foldamer approach to macrocyclization. 
(B) Divergent reactivity: Foldamer versus small-molecule catalysis. eq., equivalent(s). 
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catalyzed slow formation of the linear dimer 
C, with only trace levels of cyclodimer de- 
tected after 24 hours. We hypothesized that 
the foldamer acts by a bifunctional mecha- 
nism, serving as a template to overcome the 
entropic cost of large-ring closure. 

To gain further insight on the capabilities of 
foldamer 1, we prepared symmetrical dialde- 
hydes D1 to D4 (Fig. 2A), each containing a 
central methoxypheny] ring that allowed us 
to monitor starting material, products, and 
transient intermediates through ultraviolet 
absorbance. Initial studies focused on D3, 
which can form a 16-membered ring enal, 
matching the ring size of cyclodimer B. When 
we reacted D3 with 1, we observed nearly 
full conversion to macrocyclic E-enal E3 (full 
characterization in supplementary material). 
By contrast, the control reaction with pyrrol- 
idine and n-butylamine produced only a trace 
amount of E3 after 24 hours (fig. S10). 

a/B-Peptide 1 proved to be versatile in terms 
of product ring size (Fig. 2A). We observed 
efficient conversion of D4 to 18-membered 
ring E-enal E& and of D2 to 14-membered 
ring E-enal E2. The foldamer-catalyzed reac- 
tion of D1 took longer to reach completion 
and led to a mixture of E-enal El and cyclo- 
dimers. Precedents suggest that this outcome 
arises because of strain that develops upon 
12-membered ring formation (7, 8). However, 
efficient and stereospecific synthesis of the 
14-, 16-, and 18-membered ring enals suggests 
that catalyst 1 is broadly competent for for- 
mation of larger rings. 

Comparing formation of enal E3 with 
a/B-peptide 1 and a set of related oligomers 
reveals that catalytic efficacy is very sensitive 
to specific features of foldamer structure 
(Fig. 2B). As noted above, a control mixture 
of pyrrolidine and n-butylamine was much 
less effective than o/f-peptide 1 at promoting 
macrocycle formation. Similarly low reactivity 
was observed for a pair of monofunctional o/B 
peptides (2 + 3) that provide the secondary 
and primary amine groups as f-residue side 
chains in separate molecules. These results 
are consistent with a bifunctional mechanism 
involving activation of the two aldehyde groups 
in a substrate on a single catalyst molecule. A 
bifunctional mechanism is further supported 
by the observation that macrocyclization to 
form E83 displayed first-order dependence 
on a/B-peptide 1 (figs. S13 and S14). 2D NMR 
studies of 1, conducted in either d-isopropanol 
or ds-methanol, revealed numerous nuclear 
Overhauser effects consistent with the ex- 
pected helical conformation (figs. S31 and S34) 
and the alignment of the primary and sec- 
ondary amine side chains, which is essential 
for bifunctional catalysis. 

The spacing between reactive side chains 
along the foldamer backbone is crucial for 
catalytic efficacy, as shown by the low yields 
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Fig. 2. Scope and structure-reactivity relationship. 


(A) Foldamer-catalyzed macrocyclization: Ring size 


variation. Isolated yields are reported for foldamer-catalyzed reactions; however, yields for the pyrrolidine-n- 
butylamine catalyst pair (“small molecule”) are estimated on the basis of LC-MS data. Ts, p-toluenesulfonyl. 
(B) Identification of features critical for foldamer catalysis of macrocyclization. Details are included in the 


supplementary materials (figs. S8 to S12). 


obtained with o/f-peptides 4 to 6, which are 
sequence isomers of 1. When the f residues 
bearing the reactive amine groups were ad- 
jacent in primary sequence (7,7+/ spacing; 4), 
macrocyclization was barely detectable. The 
isomers with 7,7+2 and 7,7+4 spacing, 5 and 6, 
were poor catalysts as well. Because the heli- 
cal conformation favored by the ofp backbone 
has three residues per turn (22), differences 
among 1 and sequence isomers 4 to 6 support 
the conclusion that optimal catalysis requires 
alignment of the primary and secondary amine 
groups along the helix axis. When the B resi- 
dues that provide the reactive groups were 
properly spaced (7,27+3) but the linker between 
the primary amino group and the backbone was 
lengthened, as in 7, catalytic activity suffered. 
Thus, even if the primary and secondary amines 
are aligned along the helix axis, increased flex- 
ibility of the segment between the two amino 
groups appears to be deleterious. «/B-Peptide 8 
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is the diastereomer of 1 that differs only in 
the configuration at the backbone carbon 
bearing the primary amine side chain, a 
change expected to diminish helix stability 
(26). We observed only a low yield of enal 
E3 with 8, consistent with high sensitivity 
of the reaction to the spatial positioning of 
the amino groups provided by the foldamer 
scaffold. Overall, this set of comparisons shows 
that catalytic activity depends on the ability of 
the a/B-peptide backbone to achieve a specific 
arrangement of the primary amine-secondary 
amine diad. 

The chemical nature of the amine groups 
is critical for intramolecular aldol conden- 
sation (figs. S35 to S46). a/B-Peptide 9 pre- 
sents a diad of primary amino groups with 
the optimal sequence spacing, but the yield of 
16-membered ring enal E3 was substantially 
lower for this catalyst relative to o/B-peptide 1. 
a/B-Peptide 10 presents a secondary amine 
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Fig. 3. Applications of foldamer catalysis in total synthesis. (A) Foldamer-catalyzed formation of the 
macrocyclic core of nostocyclyne A. Identity of product F2 was established by means of the crystal structure 
of the tosylhydrazone derivative. rr, regioisomer ratio. (B) Total synthesis of robustol. The key step, 
foldamer-catalyzed closure of the 22-membered ring, is highlighted. Full reaction protocols and product 


characterization are in the supplementary materials. 


diad, and in this case, the macrocyclic product 
was barely detectable. The variations in catalytic 
efficacy among 1, 9, and 10 may arise because 
primary amines favor imine adducts with 
aldehydes (27), whereas secondary amines 
favor enamine adducts (28). Macrocycle for- 
mation presumably requires the generation 
of an electrophilic iminium and nucleophilic 
enamine on a single catalyst scaffold, a com- 
bination that is favored by the reactive diad 
of 1. Previously, we found that o/f-peptide 10 
was an excellent catalyst for intermolecular 
crossed aldol reactions (24). The distinct cat- 
alytic profiles of a/f-peptides 1 and 10 show 
that once a favorable foldamer scaffold is iden- 
tified, reaction selectivity can be achieved by 
modifying the catalytic groups. 

The modest macrocycle yield obtained with 
11 shows that swapping the primary and 
secondary amine group positions in the a/B- 
peptide backbone causes erosion of catalytic 
efficacy. This observation highlights the ability 
to explore diverse spatial arrangements of re- 
active groups that is provided by a foldamer 
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scaffold, which is inherently modular. Tri- 
peptide 12 features 7,i+2 spacing but is too 
small to adopt a stable helical conformation. 
This tripeptide was slightly more effective than 
the longer o/f-peptide with 7,7+2 spacing (5), 
which raises the possibility that a stable folded 
conformation can cause a modest diminution 
of intrinsic amine reactivity, perhaps because 
of steric hindrance. 

The efficient foldamer-catalyzed macro- 
cyclization introduced here may be useful for 
the synthesis of large-ring natural products, 
analogs of these natural products, and mac- 
rocycles of potential therapeutic utility. We 
could produce the 18-membered ring core of 
nostocyclyne A (Fig. 3A) (29) from dialdehyde 
F with 10 mol % 1. Because the substrate is 
unsymmetrical, two macrocyclic E-enals are 
possible. Both were formed in 75% total yield, 
with a 2.8:1 ratio. The identity of the major 
isomer was established by a crystal structure 
of the tosylhydrazone derivative. 

We further demonstrated the utility of 
foldamer-catalyzed macrocyclization by achiev- 
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ing total synthesis of the natural product robustol 
(30), which contains a 22-membered ring (Fig. 
3B). This compound is related to the turriane 
family of natural products, several of which have 
been prepared by application of macrocycle- 
closing alkene or alkyne metathesis (37). Our 
route to an appropriate dialdehyde substrate 
began with two nickel-catalyzed reductive cross- 
coupling reactions, pioneered by Weix et al. (32), 
to prepare boronate ester R1 and phenol R3. 
Copper-catalyzed Chan-Lam-Evans coupling of 
these two compounds generated diester R4& 
(33, 34), and redox manipulations provided di- 
aldehyde R5. The foldamer-catalyzed reaction 
efficiently generated the desired 22-membered 
ring skeleton as a mixture of isomers (R6). 
Heating with Wilkinson’s catalyst induced de- 
carbonylation (35), and the resulting alkene 
mixture was hydrogenated to produce R7. The 
methyl groups were removed by treatment 
with excess BBrs to yield a single product with 
an ‘H NMR spectrum matching that of natural 
robustol (30). 

Our results suggest that a broad range of 
macrocycles will be accessible through intra- 
molecular aldol condensations catalyzed by 
foldamer 1, with limitations arising when ring 
closure causes significant internal strain (7, 8). 
Because polar groups (amine, carboxylic acid, 
hydroxyl) are abundant in the reaction me- 
dium, aldol macrocyclizations catalyzed by 
a/B-peptide 1 will likely display considerable 
functional group tolerance. Macrocyclic com- 
pounds are of interest for pharmaceutical 
development, as exemplified by the hepatitis C 
drug vaniprevir (36), and our method should 
enable synthesis of diverse structures to sup- 
port discovery of therapeutic agents. 

Our use of a foldamer scaffold to achieve 
optimal arrangement of the primary amine- 
secondary amine diad was inspired by the role 
of protein scaffolds in positioning catalytic 
groups in enzyme active sites (37). The preva- 
lence of B-amino acid residues in our foldamer 
backbone allows us to use residue-based strat- 
egies for conformational preorganization (23), 
an opportunity that is not available for catalyst 
designs based entirely on o-amino acid resi- 
dues. Well-characterized foldamer scaffolds 
allow systematic variation of the arrangement 
of a reactive group set, such as the primary 
amine-secondary amine diad in 1, which is 
useful for catalyst optimization (24). Small- 
molecule scaffolds for bifunctional catalysis 
(38-40) may be less amenable to exploration 
of alternative geometries for a given func- 
tional group diad relative to foldamer-based 
skeletons because small molecules lack the 
modularity of foldamers. We speculate that 
the aBB backbone of 1, and related backbones 
containing preorganized B- and/or y-amino 
acid residues, will provide scaffolds that can 
be harnessed to enable bifunctional or polyfunc- 
tional catalysis of other useful reactions. 
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MITOCHONDRIAL BIOLOGY 


VDAC oligomers form mitochondrial pores to release 
mtDNA fragments and promote lupus-like disease 


Jeonghan Kim’, Rajeev Gupta’, Luz P. Blanco®, Shutong Yang’, Anna Shteinfer-Kuzmine?, 
Kening Wang’, Jun Zhu®”, Hee Eun Yoon’, Xinghao Wang’, Martijn Kerkhofs°, Hyeog Kang?, 
Alexandra L. Brown’, Sung-Jun Park’, Xihui Xu’, Eddy Zandee van Rilland’, Myung K. Kim’, 
Jeffrey |. Cohen*, Mariana J. Kaplan®, Varda Shoshan-Barmatz’, Jay H. Chung" 


Mitochondrial stress releases mitochondrial DNA (mtDNA) into the cytosol, thereby triggering the type | 
interferon (IFN) response. Mitochondrial outer membrane permeabilization, which is required for mtDNA 
release, has been extensively studied in apoptotic cells, but little is known about its role in live cells. We found 
that oxidatively stressed mitochondria release short mtDNA fragments via pores formed by the voltage- 
dependent anion channel (VDAC) oligomers in the mitochondrial outer membrane. Furthermore, the positively 
charged residues in the N-terminal domain of VDAC1 interact with mtDNA, promoting VDAC1 oligomerization. 
The VDAC oligomerization inhibitor VBIT-4 decreases mtDNA release, IFN signaling, neutrophil extracellular 
traps, and disease severity in a mouse model of systemic lupus erythematosus. Thus, inhibiting VDAC 
oligomerization is a potential therapeutic approach for diseases associated with mtDNA release. 


itochondrial stress, such as that trig- 

gered by increased mitochondrial re- 

active oxygen species (mROS), can 

release mitochondrial DNA (mtDNA) 

into the cytosol. There, it interacts 
with and activates a large number of im- 
munostimulatory DNA sensors such as cyclic 
guanosine monophosphate-adenosine mono- 
phosphate synthase (cGAS) that can trigger 
autoimmunity, including diseases caused by 
the type I interferon (IFN) response (1). Mito- 
chondrial outer membrane permeabilization 
(MOMP) is required for mtDNA release. To 
date, only BAX/BAK oligomers, which can 
form extremely large macropores in the mito- 
chondrial outer membrane (MOM), have been 
shown to mediate mtDNA release (2-4). How- 
ever, the formation of the BAX/BAK macro- 
pore generally occurs under conditions that 
activate BAX/BAK, such as apoptosis or treat- 
ment with BAX/BAK activators (2-4). How- 
ever, the pores that promote MOMP in live 
cells or in conditions that do not activate BAX/ 
BAK have not been identified. 

Because the voltage-dependent anion chan- 
nel (VDAC) can oligomerize under oxidative 
stress conditions, and because VDAC oligo- 
mers can form large MOM pores (5), we in- 
vestigated whether VDAC could trigger MOMP 
in live cells and mediate mtDNA release. 
VDAC is the most abundant protein in MOM 
and regulates Ca?* influx, metabolism, in- 
flammasome activation (6), and cell death 
(7, 8). Moreover, the expression of both VDAC1 
(the most abundant of the three VDAC iso- 


forms) and VDAC3 is increased in the auto- 
immune disease systemic lupus erythematosus 
(SLE) (9). In some models of this disease, the 
trigger is thought to be the release of mtDNA 
(10, 11). 

Previous studies on the mechanism of mtDNA 
release have used cells that are undergoing 
apoptosis or have altered mtDNA content 
(2, 12, 13), hence the results of such studies 
are difficult to interpret. To avoid these con- 
founding variables, we studied mouse embryo 
fibroblasts (MEFs) deficient in endonuclease 
g (Endog), a nuclear-encoded mitochondrial 
endonuclease (14, 15). Endog! ~ MEFs have 
higher levels of cytosolic mtDNA (cmtDNA) 
relative to wild-type MEFs (Fig. 1A), despite 
having similar levels of total mtDNA (Fig. 1B) 
and cellular growth rates (fig. S1A). Consistent 
with this finding, Endog’/- MEFs (Fig. 1, Cand 
D, and fig. S1, B and C) and plasmacytoid den- 
dritic cells (fig. SID) expressed higher levels of 
IFN-stimulated gene (ISG) mRNA relative to 
their wild-type counterparts. ISG expression 
and phosphorylation of TANK-binding kinase 
1 (TBK1)) and IFN regulatory factor 3 (IRF3) 
were significantly reduced in p° (mtDNA- 
deficient) cells derived from Endog! ~ MEFs, 
relative to cells derived from the parental 
Endog™ ~ MEFs (Fig. 1, E and F, and fig. S1, E 
to G). Thus, the cGAS-STING pathway is acti- 
vated by cmtDNA in Endog! ~ MEFs (fig. S2, 
A to I). Increased mROS appeared to cause 
mtDNA release in Endog! ~ MEFs because 
mROS was higher in Endog! ~ MEFs (fig. S2, 
J and K). By contrast, the mROS scavenger 


mito-TEMPO decreased ISG expression in 
Endog! ~ MEFs (Fig. 1G). 

Under physiological conditions, tissue-culture 
cells comprise two subpopulations: live cells, 
which make up the majority of the population, 
and a small minority of cells undergoing spon- 
taneous apoptosis and caspase activation. Prior 
studies (3, 4, 16) and our data (fig. S3A) demon- 
strate that BAX/BAK activation with ABT-737 
in the presence of caspase inhibition increases 
ISG expression. However, wild-type and Bax/ 
Bak MEFs had similar cmtDNA levels (fig. 
S3B), and knocking down Endog robustly in- 
duced ISG expression in Bax/Bak! ~ MEFs, al- 
beit at levels slightly lower than were observed 
in wild-type MEFs (fig. $3, C and D). Thus, 
Endog! ~ MOMP can occur in the absence of 
BAX/BAK macropores. Moreover, mitochon- 
dria in Endog™ ~ MEFs tended to be slightly 
longer than those in wild-type MEFs rather 
than being fragmented, as would be expected 
with BAX/BAK activation (fig. S3E) (2, 17). 

We next compared the apoptosis levels in 
wild-type and Endog’ ~ MEFs because extreme- 
ly high levels of mROS can lead to apoptosis, 
and Endog! ~ MEFs have higher mROS levels 
than wild-type MEFs (fig. S2, J and K). Wild- 
type and Endog™' ~ MEFs had similar levels of 
apoptotic indicators such as caspase activity 
(fig. S3F), cell viability (fig. S3G), lactate de- 
hydrogenase (LDH) release (fig. S3H), and 
ethidium homodimer-1 (EthD-1) staining (fig. 
S31) either before or after the induction of 
apoptosis by BAX/BAK. Thus, Endog! ~ MEFs 
have levels of mROS stress high enough to 
promote MOMP and mtDNA release in a BAX/ 
BAK-independent manner but insufficient to 
promote apoptosis at the cellular level (fig. S31). 

An alternative mediator of MOMP may be 
VDAC, and indeed, Vdacr!, Vdac3! ~, and 
Vdaci/3"'- MEFs had lower levels of ISG mRNA 
and cmtDNA relative to wild-type MEFs (Fig. 2, 
A and B, and fig. S4, A to C) despite having 
similar total mtDNA levels (fig. S4D). We ex- 
cluded VDAC2 from our study because VDAC2 
deficiency promotes apoptosis (8). Addition- 
ally, knockdown of Endog increased ISG ex- 
pression in wild-type and Bax/Bak’! ~ MEFs 
but not in Vdact/3! ~ MEFs (Fig. 2C and fig. 
S3C), and treatment with the VDAC inhibitor 
DIDS (78) decreased ISG expression in Endog! ~ 
MEFs (fig. S4E). In agreement with their re- 
duced type I IFN signaling, Vdacy/3' ~ MEFs 
were less resistant to HSV-1 infection than 
wild-type MEFs (fig. S4, F to H). Thus, both 
VDAC1 and VDAC3 contribute to both MOMP 
and mtDNA release. 
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were determined by immunoblotting (E) and reverse transcription quantitative polymerase chain reaction (RT-qPCR) (F). (G) ISG expression was measured in 
WT and Endog’’~ MEFs after treatment with 10 uM Mito-TEMPO (M-TEMPO) for 48 hours. Data are means + SEM of at least three independent experiments. 
*P < 0.05, **P < 0.01, ***P < 0.005 [two-tailed unpaired Student t test in (A) to (C); one-way analysis of variance (ANOVA) with Tukey post hoc test for multiple 


comparisons in (F) and (G)]; nd, not detected; ns, not significant. 
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Fig. 2. VDAC oligomerization is required for mtDNA fragment release. 

(A) Expression levels of /fna4 and /fnb (interferon alpha-4 and beta) and expression 
levels of ISG, including Isg15, /fitl, Ifi44, and ligpl (interferon-inducible GTPase 1), 
in WT and Vdacl/3-’" MEFs. (B) cmtDNA levels were determined in WT and 
Vdacl/3’~ MEFs after treatment with 100 uM H20> for 18 hours. (€) ISG expression 
levels were measured in WT and Vdacl/3-’- MEFs after knocking down Endog. 
(D and E) cmtDNA (D) and expression levels of ISG, including Isgl15, /fitl, 1fi44, 
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ligp1, and Oasl2 (2',5'-oligoadenylate synthetase-like 2) (E), which were measured 
after treatment with 10 uM VBIT-4 in Endog’’~ MEFs. (F) VDACI oligomerization- 
dependent release of mtDNA from mtDNA-loaded liposomes and inhibition by 
VBIT-4. (G) Fragment size distribution of the fimtDNA and cmtDNA. Data are 
means + SEM of at least three independent experiments. *P < 0.05, **P < 0.01, 
***P < 0.005 [two-tailed unpaired Student t test in (A), (D), (E), and (F); one-way 
ANOVA with Tukey post hoc test for multiple comparisons in (B) and (C)]. 
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VDAC has been implicated in apoptosis in- 
duced by certain stimuli (7). However, Vdact/3! ~ 
and wild-type MEFs had similar numbers of 
cells undergoing apoptosis. This was true both 
in the basal state and in the presence of H,O, 
(fig. S5A), which increases cmtDNA (Fig. 2B). 
In contrast, ABT-737 induced apoptosis in 
Vdaci/3' ~ MEFs but not in Bax/Bak! ~ MEFs 
(fig. S5B). Thus, VDAC is not required for 
apoptosis, and presumably MOMP, induced 
by BAX/BAK activation (fig. S5C). 

We initially hypothesized that VDAC regu- 


(19), which opens the mitochondrial perme- 
ability transition pore (mPTP) in the mitochon- 
drial inner membrane (MIM) in a manner that 
does not trigger apoptosis at the whole-cell 
level (20, 21). This would be possible only if 
the population of affected mitochondria is 
very small so that the total caspase activity re- 
mains near background levels. Chelation of 
Ca?* with BAPTA decreased ISG expression 
(fig. S6, A to C), and inhibiting mPTP opening 
with cyclosporin A (CsA) decreased mtDNA 
release in both Endog! ~ MEFs and wild-type 


Endog™ '- MEFs (fig. S6, D to F). Mitochondria 
deficient in MICU1 (mitochondrial calcium 
uptake 1) had elevated mROS levels and IFN 
responses (fig. S6, G to I) (22). However, mtDNA 
release from these mitochondria was still in- 
hibited by DIDS in the absence of Ca”* (fig. S6J). 
Thus, VDAC may play a Ca”* flux-independent 
role in mtDNA release. In agreement with 
this, the highly potent VDAC1 oligomeriza- 
tion inhibitor VBIT-4 (23) decreased cmtDNA 
levels and ISG expression in Endog! ~ MEFs 
(Fig. 2, D and E) without inhibiting either 


lates mtDNA release by promoting Ca”* influx 


mitoplasts as well as ISG mRNA levels in 


Ca?* uptake (fig. S6K) or mPTP opening (fig. 
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Fig. 3. mtDNA interacts with VDAC1 and stabilizes its oligomeric state. 

(A) Schematic diagram of VDACI oligomerization accompanied by the N-terminal 
domain (red) translocation into the large oligomer pore. We could not characterize 
VDAC3 in vitro because it tends to form aggregates. (B and ©) mtDNA-induced 
oligomerization of purified VDAC1 was visualized by immunoblotting after 
treatment with the cross-linking reagent EGS to stabilize the oligomers during 
electrophoresis (B). Quantitative analysis of oligomers is shown (C). (D) mtDNA 
binding to VDAC1 in WT and Endog’’~ MEFs. (E to G) VDAC1 (E) and BAK 

(G) oligomerization in WT, Endog’’~ and Endog’’~ p° MEFs was visualized by 
immunoblotting. The positions of VDAC] monomers None) dimers (Di), trimers 
(Tri) and multimers (Multi) are indicated. NSB, nonspecific band. Quantitative 
analysis of VDAC1 oligomers is shown (F). (H) ISG expression was measured in WT 
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and Endog’’~ MEFs after treatment with the BAX o 
(2 uM) for 24 hours. (I) The amino acid sequence of 
(abbreviations: A, Ala; D, Asp; F, Phe; G, Gly; K, Lys; 


S, Ser; T, Thr; V, Val; Y, Tyr.). The positively charged amin 
alanine (red). (J) Direct interaction of mtDNA fragments wi 
26 amino acid peptides. (K) Expression levels of ISG, inc 
Ifi44, Oasl2, and Rsad2 (radical S-adenosy| methioni 


igomerization inhibitor (BAI) 
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either WT or 3A VDAC1. Data are means + SEM of at least three independent 
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S6L) in the mitochondria. We then loaded 
mtDNA fragments into liposomes with or with- 
out membrane-reconstituted VDACI1. The pres- 
ence of VDACI in liposomes increased mtDNA 
passage across the lipid membrane (Fig. 2F). 
However, VBIT-4 decreased VDACI oligomer- 
ization (fig. S7, A and B) as well as mtDNA 
efflux (Fig. 2F). Thus, VDAC1 oligomers are 
sufficient to permeabilize lipid membranes 
for mtDNA passage. 

Because the intact mtDNA is large (16 to 
17 kb) and is tethered to the MIM in nucleoid 
complexes (24), we hypothesized that short 
and free (untethered) intra-mtDNA frag- 
ments (fimtDNA) that can pass through VDAC 
oligomer pores preexist in live cells (fig. S8A). 
To investigate this possibility, we treated 


mitochondria purified from wild-type MEFs 
with cytoskeleton (CSK) buffer, which gently 
permeabilizes mitochondrial membranes and 
releases fimtDNA while leaving mitochon- 
drial nucleoids intact (24). Interestingly, the 
sequences corresponding to a region within 
the D-loop in the mitochondrial genome were 
overrepresented in the fimtDNA pool (fig. S8, 
Aand B). A size-distribution analysis excluding 
the sequences with 100% homology to both 
mitochondrial and nuclear genomes indicated 
that the peak sizes of fimtDNA and cmtDNA 
are almost identical (~110 bp) (Fig. 2G). Treat- 
ment of wild-type MEFs with mito-TEMPO 
(fig. S8C) or the mTORC1 inhibitor everolimus 
(fig. S8D), which promotes mitophagy and 


elimination of damaged mitochondria, de- 


creased fimtDNA. Thus, fimtDNA accumu- 
lates preferentially within a subpopulation 
of mitochondria with elevated mROS, and 
cmtDNA is derived largely from fimtDNA in 
live cells (figs. S5C and S8A). 

Studies with planar lipid bilayers reconsti- 
tuted with VDACI indicate that the N-terminal 
domain of VDAC1 can interact directly with 
mtDNA (fig. S9). The N-terminal domain, 
which is evolutionarily conserved (fig. S10A), 
is hydrophilic and is thought to translocate 
out of the channel when VDACI is in an 
oligomerized state (Fig. 3A) (25). This raises 
the possibility that the negatively charged 
backbone of mtDNA may interact with mul- 
tiple VDAC1 molecules simultaneously and 
may act as a scaffold to stabilize the oligomers 
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Fig. 4. VDAC1 oligomerization inhibitor VBIT-4 ameliorates lupus-like disease. 
(A) The formation of VDAC1 oligomers in splenocytes of MRL/MpJ-Fas!”" lupus- 
prone mice and MRL/MpJ control mice (see fig. SIIB; n = 6 in each group). 

(B) Oligomeric state of VDAC1 in PBMCs of healthy control and SLE patients 
(see fig. S11C; n = 6 in each group). (©) cmtDNA levels were measured in 
splenocytes [see (A)] after treatment with 10 uM VBIT-4. (D) Kidney glomeruli of 
VBIT-4-treated mice stained with antibodies to complement C3 (green) and IgG 
(red). Nuclei were stained with Hoechst (blue). Scale bars, 20 um. (E) Fluorescence 
intensity of C3 and IgG in (D) (n = 8 in each group). (F to I) Urinary albumin/ 


Kim et al., Science 366, 1531-1536 (2019) 20 December 2019 


creatinine ratio (F), serum anti-dsDNA levels (G), ANA levels (H), and IgG levels (I) of 
VBIT-4-treated mice (n = 10 in each group). (J) Serum cell-free mtDNA levels of 
VBIT-4-treated mice (n = 5 in each group). (K) A23187 (Ca** ionophore)-induced 
mROS levels were measured by MitoSOX in PBMCs of healthy controls (HC) 

and SLE patients (n = 3 in each group). (L) A23187-induced NET formation by 
NDGs from HC or SLE subjects was measured by SYTOX-Pico Green plate assay 
(n = 3 in each group). Data are means + SEM. *P < 0.05, **P < 0.01, ***P < 0.005 
[Student t test in (A), (B), (E), (F) to (J), and (L); one-way ANOVA with Tukey 
post hoc test for multiple comparisons in (C); Mann-Whitney U test in (K)]. 
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(Fig. 3A). Indeed, mtDNA increased the for- 
mation of VDACI trimers and higher-order 
oligomers (Fig. 3, B and C) in vitro. In agree- 
ment with increased cmtDNA in Endog! ~ 
MEFs (Fig. 1A), coimmunoprecipitation with 
antibody to VDAC1 pulled down more mtDNA 
in Endog”’ ~ MEFs than in wild-type MEFs 
(Fig. 3D). VDACI oligomerization was also in- 
creased in Endog’ ~ MEFs relative to wild-type 
MEFs, but was reduced by the elimination of 
mtDNA in Endog’/- MEFs (p°) (Fig. 3, E and 
F). By contrast, BAK oligomerization was not 
increased in Endog! ~ MEFs (Fig. 3G), and 
BAI, the BAX oligomerization inhibitor (26), 
did not reduce ISG expression in Endog! ~ 
MEFs (Fig. 3H). Thus, mtDNA may promote 
further VDACI1 oligomerization, creating a 
feedforward cycle. 

The N-terminal domain of VDACI contains 
three positively charged residues (Lys’”, Arg”, 
and Lys”°) that could potentially interact with 
the negatively charged backbone of mtDNA 
(Fig. 3D. Indeed, mtDNA fragments were pulled 
down by a 26-amino acid VDAC1 N-terminal 
peptide but not by a VDAC1 N-terminal mu- 
tant peptide (3A) in which Lys”, Arg’, and 
Lys”° residues were replaced by alanine (Fig. 
3J). We then examined H.O,-induced expres- 
sion of ISG in Vdaci/3! ~ MEFs with restored 
expression of wild-type VDAC1, the 3A-mutant 
VDACI, or AN-terminal VDAC1. Relative to 
MEFs expressing wild-type VDACI1, ISG ex- 
pression was reduced in MEFs expressing 
either the 3A-mutant VDACI1 (Fig. 3K) or AN- 
terminal VDACI (fig. S10, B and C). Thus, 
direct mtDNA-VDAC interactions appear to 
promote VDAC oligomerization and increase 
mtDNA release. 

An excessive type I IFN response is a hall- 
mark of SLE (27). Gene Expression Omnibus 
(GEO) analysis revealed increased mRNA ex- 
pression of VDACI/3 and decreased expres- 
sion of ENDOG in SLE patients (fig. S11A) 
(9). However, BAK, BAX, VDAC2, and HSP60 
mRNA levels were not changed in SLE pa- 
tients (fig. SI1A). These findings, combined 
with the observation that type I IFN responses 
in Endog-knockdown MEFs were VDACI- 
and VDAC3-dependent (Fig. 2C), suggest that 
VDAC oligomerization may be associated with 
SLE. Indeed, splenocytes from MpJ-Fas”” 
“lupus”-prone mice had more VDAC1 oligo- 
mers than did MpJ control mice (Fig. 4A and 
fig. S11B); the same was true for peripheral 
blood mononuclear cells (PBMCs) from SLE 
patients relative to healthy controls (Fig. 4B 
and fig. S11C). Splenocytes from MpJ-Fas””” 
mice also had elevated cmtDNA relative to 
those from MpJ mice, but this was abrogated 
with VBIT-4 treatment (Fig. 4C). 
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We next investigated whether VBIT-4 could 
ameliorate lupus-like symptoms in MpJ -Fas'?” 
mice. VBIT-4 blocked the development of skin 
lesions and the thickening of the epidermis 
that accompanies leukocyte infiltration, and 
suppressed facial and dorsal alopecia without 
affecting mortality or body weight (fig. S12, 
A to C). VBIT-4 also decreased spleen and 
lymph node weights (fig. S12D). Furthermore, 
ISG mRNA (fig. S12E), renal immune complex 
deposition (Fig. 4, D and E), proteinuria (Fig. 
4F), antibody to double-stranded DNA (dsDNA) 
(Fig. 4G), antinuclear antibody (ANA) (Fig. 4H), 
IgG (Fig. 41), and cell-free mtDNA (Fig. 4J) 
levels were all reduced by VBIT-4. Cell-free 
mtDNA plays an inmunostimulatory role in 
human and mouse SLE (J0, 17). One poten- 
tial source of cell-free mtDNA in MpJ-Fas”” 
mice may be neutrophil extracellular traps 
(NETs), which are formed in a cell death pro- 
cess termed NETosis (/7). mROS is an im- 
portant trigger for NETosis (11), and VBIT-4 
decreased mROS in neutrophils as well as 
other immune cells from SLE patients (Fig. 
4K and fig. S12F). Furthermore, VBIT-4 sup- 
pressed NETosis in low-density granulocytes 
(LDGs), a distinct class of pro-inflammatory 
and NETosis-prone neutrophils from SLE pa- 
tients, and normal-density granulocytes (NDGs) 
isolated from SLE patients and healthy con- 
trols (Fig. 4L and fig. S12G). Thus, VDAC oligo- 
merization increases mROS and NETosis, two 
proposed important triggers of autoimmu- 
nity, in both human neutrophils (healthy and 
SLE) and during lupus-like disease in mice 
(fig. S12H). 

We propose that the MOMP that mediates 
mtDNA release and type I IFN response de- 
pends on the level of mitochondrial stress. 
In live cells, VDACI oligomer pores, and pos- 
sibly VDAC3 oligomer pores, play a role in 
moderate stress responses, whereas BAX/ 
BAK macropores feature in extreme stress 
and/or apoptosis (fig. S13). The small fragment 
size and the untethered nature of fimtDNA 
may facilitate its release via VDAC oligomer 
pores. Notably, there are other pathways of 
mtDNA release (10, 13) and SLE is a very het- 
erogeneous disease. Nonetheless, inhibiting 
VDAC oligomerization may be an alternative 
therapeutic approach for a wide range of 
diseases, like SLE and Parkinson’s disease 
(28), that are thought to be associated with 
mtDNA release. 
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Filter Tester 

Sartorius Stedim Biotech 
offers the Sartocheck 5 
Plus filter integrity tester 
for use in downstream 
processing, which 
greatly improves the 
detectability of operator 
errors, improper test 
setups, and out-of- 
tolerance environmental 
conditions. With the Sartocheck 5 Plus, false-passed and false-failed 
test results are relegated to the past. This advanced filter tester has 
been designed to cover the complete range of integrity testing, from 
small syringe filters up to large multi-round housings and crossflow 
cassettes, with diffusion rates of up to thousands of mL per min. 

In addition, the automatic test-time feature for diffusion and water 
intrusion, along with accelerated bubble-point testing, reduces 
overall test time. Parallel bubble-point testing is also a significant 
time saver, enabling up to 10 small filters to be checked with one 
Sartocheck 5 Plus. User benefits include the biggest, brightest 
screen currently available on the market (12-in.) for integrity testers, 
along with an ergonomic interface, easy-to-clean design, improved 
data integrity, and inherent virus protection. 

Sartorius Stedim Biotech 

For info: +49-(0)-551-308-0 

www.sartorius.com/sartocheck-5 


Purification and Maintenance of Cardiomyocytes 

AMS Biotechnology (AMSBIO) has introduced human recombinant 
iMatrix Laminin-211 fragment for the purification and maintenance 

of cardiomyocytes in culture. As one of the main isoforms present in 
adult muscle tissue, Laminin-211 is critical for cardiomyocyte function 
and heart muscle development. AMSBIO iMatrix Laminin-221 is an 
easy-to-use recombinant fragment that retains the full integrin-binding 
activity of Laminin-211. The culture of induced pluripotent stem cell 
(iPSC)-derived heart and muscle cells under feed-free conditions 
requires the use of extracellular matrix proteins as an anchor to 
promote adherence and functionality. Laminin-211 fulfils this purpose 
through its binding of membrane-bound integrin and through activa- 
tion of intracellular signal cascades. iMatrix Laminin-211 is a high- 
quality matrix for basic research and drug development and toxicity 
studies with these critical cell types. 

AMS Biotechnology 

For info: 617-945-5033 
www.amsbio.com/imatrix-recombinant-laminin-e8-fragments.aspx 


Antibody Microoptimization Service 

Optimizing your antibody conjugates can be time consuming and 
difficult, and can require significant amounts of antibody and label. 
Expedeon’s Antibody Microoptimization Service is a fast, efficient way 
to optimize your antibody conjugates using very small quantities of an- 
tibody. You provide us with your antibody. By varying parameters such 
as the degree of antibody activation, the ratio of antibody to label, and 
the pH of the conjugation, we will generate six different conjugates 

for you to test in your chosen application. You evaluate and select the 
best-performing conjugate; then we can either conjugate your bulk 
antibody material for you or create a custom Lightning-Link kit just for 
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new products 


you. With more than 46 labels available for conjugation, we're sure we 
can meet your needs. 

Expedeon 

For info: 844-611-3656 

www.expedeon.com 


T Cell Memory Cell and Cytokine Profiling Kit 

The Human T Cell Memory Cell and Cytokine Profiling Kit measures 

T cells’ memory phenotype and function at different stages, while 
providing information about their health and their role in cytokine 
secretion. This one-wash assay requires minimal hands-on time and 
measures both cells and beads. Live immune cells are distinguished 
from dead cells by staining with a fluorescent membrane integrity dye. 
Cells are immunophenotyped by staining with a fluorescent antibody 
panel to separate CD3* T cells, CD3- non-T cells, CD4* T helper cells, 
and CD8* T cytotoxic cells. The panel also includes five different 

T cell surface markers for naive/memory/effector T cell phenotyping: 
CD45RA, CD45RO, CD27 (long-term survival), CD62L, and CD95. An op- 
timized workflow enables measurement of effector cytokines secreted 
by activated T cells, including proinflammatory cytokine IFNy and anti- 
inflammatory cytokine IL-10 in the same assay well. 

Intellicyt 

For info: 734-769-1600 
intellicyt.com/t-cell-memory-cell-and-cytokine-profiling-kit 


24-Pin Liquid Sampler 

lonSense introduces the new 24-Pin Module for rapid sampling of 
liquids from SBS-384 format microtiter plates. The Pin Module is in- 
terchangeable with the top bar of our DIP-it Module, and doubles the 
sampling capacity for sequential analysis of liquids. Each small- 
diameter metal pin collects a small volume of sample, permitting 
transfer from the wells to the DART-MS (direct analysis in real time 
mass spectrometer), where the linear rail presents each pin at a 
constant speed for analysis. The metal pins are easily cleaned with 
solvents that are appropriate for removal of the sample, such as 
methanol water, acetonitrile water, and acid or base solutions. 
lonSense 

For info: 781-484-1043 

ionsense.com 


Prisms 

Optical Surfaces manufactures large, high-quality prisms for spectro- 
scopic, surveying, and telescope applications. Prisms are solid optics 
that are ground and polished into geometrical and optically significant 
shapes where the angle, position, and number of surfaces help define 
the type and function. Due to variability in shape, size, and number of 
surfaces, manufacturing of high-quality prisms requires considerable 
experience and skill. For over 50 years, Optical Surfaces has supplied 
high-quality, uncoated and coated prisms for spectroscopic applica- 
tions, including image rotation, inversion, and redirection as well as 
dispersal of light into its constituent colors. Optical Surfaces produces 
all types and configurations of prism (Amici/roof, Fresnel biprisms, 
corner cube retroreflectors, dove, equilateral, isosceles, penta, rhom- 
boid, and wedge) with market-leading tolerances. Prisms are avail- 
able as single components (up to 450 mm) or as cemented units. Our 
production team routinely achieves angle accuracy of better than 2 arc 
seconds, surface accuracy of lambda/20 p-v (peak to valley), 10/5 sur- 
face quality, and microroughness of less than 1.2 nm rms (root mean 
square) on its prisms. 

Optical Surfaces 

For info: +44-(0)-208-668-6126 

www.optisurf.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 
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Professor of 


“Your Global Connection to the Computational Biology 
Biomedical Engineering Community” 


+ The Department of Biology {(www.biol.ethz.ch] 
at ETH Zurich invites applications for the above- 
mentioned position in the Institute of Molecular 
Systems Biology (www.imsb.ethz.ch). Together 
with Life Science Zurich, the Department of Bio- 
logy offers access to state-of-the-art equipment 
and outstanding scientific opportunities to parti- 
cipate in interdisciplinary research programmes. 


> The new professor is expected to build a 
vibrant, world-class research programme in the 
general field of computational biology with a 
particular interest into modelling and analysing 
dynamic interactions between cellular molecules 
and their phenotypic consequences. Examples 
are mechanistic modelling of cellular processes, 
modelling at the single cell or organismic level, 
analysis of image data in cell biology, analysis 
of networks involving gene activity, metabolite 
distribution, or protein interaction in systems 
biology and medical applications, and genotype 
to phenotype mapping. The successful candi- 
date is a computer scientist, informatician, 
engineer, or physicist whose research focus is 
on addressing biological or clinical questions 


Be d part of the with, at least in part, computational methods. 
* She or he will engage and contribute to the 
growing world systems biology teaching programme with an 


of Engineers working in emphasis on quantitative thinking and compu- 


tational methods (teaching may be in German or 


Medicine and Biology... English) 


> Please apply online: 
www. facultyaffairs.ethz.ch 


Become a member: bit.ly/embstryus 
More information on www.embs.org 


> Applications should include a curriculum 
vitae, a list of publications, a statement of future 


Follow us on social media: SCAN Mel research and teaching interests, and a descrip- 


tion of the three most important achievements. 
Ei wwwacebook.com/ieeeembs 


www.instagram.com/ieeeembs 


The letter of application should be addressed 

to the President of ETH Zurich, Prof. Dr. Joél 
Mesot. The closing date for applications is 

29 February 2020. ETH Zurich is an equal 
opportunity and family friendly employer, strives 


oO www.twitter.com/ieeeembs 
ff www.linkedin.com/company/ieeeembs 


to increase the number of women professors, 
and is responsive to the needs of dual career 
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2019 SANOFI - INSTITUT PASTEUR AWARDS 
8TH EDITION alte 


For the 8th edition, the Sanofi - Institut Pasteur 

Awards foster scientific excellence by rewarding four iad nated ntl er 
researchers whose work demonstrates significant FOR BIOMEDICAL RESEARCH 
breakthroughs for global health. < 


INTERNATIONAL SENIOR ADWARD 


Dr. Carl F. NATHAN 
Microbiology & Infection 


Carl F. Nathan is awarded for his major discoveries in our 
understanding of host-pathogen relations, such as macrophage 
activation by interferon gamma which strongly shaped the field of 
immunology and dramatically influenced treatment of infectious 
diseases. 


INTERNATIONAL JUNIOR ADWARDS 


Pr.ido AMIT 
Immunology 


IdoAmitis awarded for his breakthrough single cell studies elucidating 
the diversity of the immune cell types which revolutionized our view 
in basic immunology and immunotherapy research. 


Pr. Andrea ABLASSER 
Immunology 


Andrea Ablasser is awarded for her major contributions to 
a fundamental discovery in innate immunity: the role of DNA 
recognition during infection which has inspired efforts to 
implement strategies interfering with innate immune responses 
to treat inflammation-related disorders. 


Dr. Marek BASLER 
Microbiology & Infection 


Marek Basler’s research has fundamentally advanced our 
understanding of a very important bacterial nanomachine which 
delivers effectors in neighboring cells, influencing many areas of 
microbiology, such as pathogenesis and polymicrobial communities. 
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Zhimin Li 


Director of Center for Science and 
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<q \y People's Republic of China 
he year 2019 marks the 70th an- 
niversary of the founding of the 
People’s Republic of China (PRC). 
After 70 years of ups and downs, 
China has developed into the world’s 
second largest economy and the second 
largest scientific research output country. 
As 2020 approaches, we wish to highlight 
some of the technologies China worked 
on this year. 


Better papers and better AI 

The year of 2019 is a memorable year 
for Chinese science and technology, es- 
pecially in terms of innovation. Chinese 
researchers made important discoveries 
in exploring natural science phenomena, 
put forward breakthrough ideas in scien- 
tific theories and doctrines, and offered 
original, cutting-edge solutions to major 
scientific and technological issues that 
restrict national economic and social de- 
velopment. 

On November 19, the Institute of Scien- 
tific and Technical Information of China 
(ISTIC) released the “China Outstanding 
Paper Output Report.” The report shows 


Technology Development Ministry of Education, 


that from 2009 to October 
2019, Chinese scientific 
and technological person- 
nel published a total of 
2.61 million international papers, contin- 
uing to rank second in the world, with an 
increase of 14.7% over the 2018 statistics; 
In 2018, there were 315,900 outstanding 
scientific papers, with an increase of 
12.4% over 2017. The citation numbers 
of papers in materials science, chemistry, 
and engineering technology ranked first 
in the world. These papers may not be 
a persuasive indicator, but to a certain 
extent this shows that China’s scientific 
research output is of high quality, and 
that China has the ability to participate 
in international science collaborations. 
On October 20, 15 world-leading tech- 
nological achievements in the Internet 
were released at the 6th World Internet 
Conference, including the world’s first 
brain-inspired computing chip from 
Tsinghua University. Supporting both 
machine learning algorithms and exist- 
ing brain-like computing algorithms, this 
new chip is expected to clear the path for 
the development of more versatile artifi- 
cial general intelligence (AGI) and hard- 
ware platforms as well as have a huge 
impact on industry and the economy. 
ADVERTISING FEATURE 


Multiplying fields and talents 

Many new disciplines have sprung up in 
the fields of natural sciences, humani- 
ties, and social sciences. In recent years, 
most of these new disciplines are created 
through the cross-fusion of the Internet 
and traditional disciplines, which is of 
great significance to the progress of dis- 
ciplines and academic innovation. The 
“Wuzhen Outlook 2019 Report” released 
at the 6th World Internet Conference 
proposed that the deep integration of 
emerging technologies, such as artificial 
intelligence (AJ), the Internet of Things 
(loT), big data, cloud computing, and 
blockchain will create enormous oppor- 
tunities to drive a new round of leaping 
social and economic developments. 
Emerging technologies and industries 
provide a growing demand for inter-dis- 
ciplinary talent, as well as further inte- 
gration of these interdisciplinary pro- 
grams into higher education. China has 
rearranged the discipline construction of 
higher education institutions. According 
to the “List of Self-Set Interdisciplinary 
Programs for General Colleges and Uni- 
versities” announced by the Ministry 
of Education of China, as of May 31, 
there are 508 interdisciplinary programs 
independently managed as secondary 


disciplines by universities across the 


country. Major breakthroughs in scientif- 
ic frontiers are now mostly the result of 
multidisciplinary integration. Let us look 
forward to more scientific breakthroughs 
and an international talent training 
mechanism in Chinese universities soon. 


Record-high R&D funding 

China’s breakthroughs in science and 
technology can be attributed to the 
continued growth of China’s R&D in- 
vestment. According to data released 
by the National Bureau of Statistics of 
China, China has achieved a historic 
breakthrough in the scale and intensity 
of its R&D expenditure. The R&D ex- 
penditure in 2018 reached 1,965.7 billion 
yuan (USD 279.2 billion), which was 
138 times that of 1991. The intensity of 
investment in research and development 
has hit record highs, rising to 2.18% 
in 2018. In 2019, the China’s top three 
university scientific research funding 
includes Tsinghua University of 15.375 
billion yuan (USD 2.18 billion), Zhejiang 
University of 13.098 billion yuan (USD 
1.86 billion), and Shanghai Jiaotong Uni- 
versity of 10.815 billion yuan (USD 1.54 
billion). Comparatively the top three in 
2018 comprised 5.168 billion yuan ( 730 


million USD) from Tsinghua University, 
4.420 billion yuan (USD 630 million) 
from Zhejiang University, and 3.903 bil- 
lion yuan (USD 550 million) from Sun 
Yat-sen University. 


Science with heart: improving work— 
life balance for researchers 

In 2019, breakthroughs in China’s sci- 
ence and technology policy will speed up 
the process of integrating knowledge in- 
novation and market transformation. The 
reform of China’s science and technol- 
ogy system has been carried out closely 
on two main lines: one is to enhance the 
morale of scientific and technological 
personnel, and the other is to promote 
the integration of science and technol- 
ogy with the economy, society, and 
national security. These two main lines 
work as an organic whole and exert their 
strengths in an all-round way. 


The most recent policy change by the 
Chinese government is the “Notice on 
Nomination of the National Science and 
Technology Award for 2020” 
issued by relevant departments 
on November 29. This “Notice” 
points out that the country 
needs to prioritize papers, ti- 
ADVERTISING FEATURE 


tles, qualifications, and prizes over citation 
number. In this spirit, the Natural Science 
Award will remove the criteria of appli- 
cants filling in SCI citations. 


At present, China’s various industries are 
booming, providing outstanding talents 
with unprecedented development space 
and a platform to display their skills. Tal- 
ent from all over the world are thriving 
in China, thanks to generous funding. 
Chinese universities have developed tal- 
ent plans with the goal of building first- 
class universities. Talents are provided 
with state-of-the art equipment excellent 
and world-class laboratory conditions. 
To allow these scientists to conduct re- 
search with a peace of mind, universities 
thoughtfully arrange jobs for spouses 
and education for children. 


China is now undergoing rapid devel- 
opment with numerous opportunities 
available, and all universities are looking 
forward to the participation of global tal- 
ents. Go, go to China! 


People in need can contact the talent service agen- 
cies of Academic Bridge(consultant@acabridge. 
edu.cn), which provides one-on-one consultations. 
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Forging Ahead With 


Challenges and Opportunities : 
The School of Mathematics and Statistics 


at Beijing Institute of Technology 


The School of Mathematics and Statistics (SMS) at Beijing 
Institute of Technology (BIT) comprises a combination of 
cutting-edge research and excellent teaching across a broad 
spectrum of mathematics, statistics and their applications. The 
School of Mathematics and Statistics has had a significant 
presence in the Chinese mathematical community since the 
1960s. 


The SMS researchers have made significant progress in their 
fields and published many important papers in some prestigious 
academic journals, including Proceedings of the London Mathe- 
matical Society, Advances in Mathematics, Mathematische 
Annalen, Annals of Probability, Stochastic Processes and Their 
Applications, SIAM Journal on Control and Optimization, etc. 
The group for algebra and representation theory led by Profes- 
sor Jun Hu has conducted research in areas ranging from 
algebraic groups, Lie algebras, quantum groups to Hecke 
algebras, Schur algebras, KLR algebras and Iwasawa algebras. 
The researchers in the group have solved several conjectures and 
open problems, discovered new mathematical structures and 
fundamental relations, and developed some general frame- 
works. One such an example is that Jun Hu (with his students) 
proved Lusztig’s conjecture on the Hecke module structure on 
the space spanned by the involutions in symmetric groups 
[Advances in Mathematics 287 (2016), 1-30]. Another distin- 
guished research group is the one for probability theory and 
stochastic analysis, which has conducted research in areas includ- 
ing jump-diffusions and non-local operators, stochastic partial 
differential equations, and regime-switching jump-diffusion 
systems. Recently, Dr. Rongchan Zhu and her coauthor have 
made crucial progress concerning the lattice approximation to 
the dynamical model [The Annals of Probability 46 (2018), 
397-455]. Zhu and her coauthors have also studied the relation 
between the solutions to the dynamical model constructed by 
Dirichlet form theory and the SPDE argument [Journal of 
Functional Analysis 272 (2017), 4263-4303; Communication in 
Mathematical Physics 352 (2017), 1061-1090]. There are also 
many other excellent faculty members who have made signifi- 
cant contributions in their fields. For example, Professor Jun-Min 
Wang, as one of the internationally well-known experts in control 
theory, has world-leading expertise in Riesz basis approach for 
control of distributed-parameter systems, particularly for partial 
differential equations modeling flexible beams and wave 
equations. He has published more than 70 papers in international 
journals, such as SIAM Journal on Control and Optimization, 
IEEE Transactions on Automatic Control, Automatica, and 
Systems and Control Letters. Dr. Junyong Zhang recently has 


made some progress in the study of the Strichartz estimates and 


nonlinear dispersive equations in a conical singular space. For 
instance, in [Analysis & PDE 9 (2016), 151-192] and [Advances in 
Mathematics 271 (2015), 91-111], he (with Andrew Hassell) has 
proved global-in-time Strichartz estimates for Schrodinger and 
wave equations on non-trapping asymptotically conic manifold. 


Currently the SMS has a total faculty and staff of 107, including 
24 professors, 52 associate professors, 23 assistant professors 
and 8 staff members. Many of the faculty members are interna- 
tionally prominent in their research specialties. Among them, 
there is one scholar supported by the National Natural Science 
Fund for Distinguished Young Scholars, one scholar supported 
by the National Natural Science Fund for Outstanding Young 
Scholars, two Chang Jiang Scholar Chair Professors, five scholars 
supported by the program for New Century Excellent Talents of 
the Ministry of Education, and three winners of the "Beijing 
Excellent Teachers" award. 


The SMS at BIT offers vibrant undergraduate and graduate 
mathematics programs awarding B.S., M.S. and Ph.D. degrees. 
Students can choose from a diverse range of areas in pure, 
applied and computational mathematics. The SMS at BIT is one of 
the leading Chinese schools of mathematics and statistics in 
offering opportunities for graduate students to work on practical 
problems with industrial collaborators. During the past 5 years, 
the undergraduate students have won more than 200 national 
and international awards in various contests, including the 
nomination for Outstanding Teams at the Mathematical Contest 
in Modeling (MCM), the Winning Prize of the S.-T. Yau College 
Student Mathematics Contests, the First Prize of the Contempo- 
rary Undergraduate Mathematical Contest in Modeling 


(CUMCM), the Outstanding Prize of the First IBM SPSS Innova- 
tion Award of CUMC, and the First Prize of the National Under- 
graduate Mathematical Contest. The SMS has awarded more 
than 300 Ph.D. degrees so far and these doctorate recipients 


have made remarkable accomplishments in their respective 
fields. “ 


For more information, 
please contact us: 


Te: +8610-81384701 
Email: sunjing@bit.edu.cn 
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Professor/Associate Professor 
Physics at Nanjing University 


he School of Physics at Nanjing University is one of 
the first physics departments established in China, 
dated back to 1920. Over the past hundred years, the 
School of Physics has contributed significantly to the 
scientific developments and the modernization of the country, 
and has itself become one of the best physics departments in 
China. The school owns the national first-level key discipline of 
Physics, covering 7 secondary disciplines: Theoretical Physics, 
Condensed Matter, Optics and Photonics, Acoustics, Particle and 
Nuclear Physics, Biophysics and Soft Condensed Matter, Atom- 
ic, Molecular and Cluster Physics. Currently, the school has 221 
faculty members and supporting staff, including 111 professors 
and 44 associate professors. Among the faculty members, there 
are 8 academicians of the Chinese Academy of Sciences, 18 
ChangJiang professors of Ministry of Education of China and 24 
winners of the National Outstanding Young Investigator Prize 
awarded by the National Nature Science Foundation of China. 
The school now has 4 departments and | teaching center, in- 
cluding Department of Modern Physics, Department of Physics, 
Department of Photonics and Quantum Optics, Department 
of Acoustic Science and Engineering, and Center of Physical 
Teaching & Experiments. The school has received research fund- 
ing of over 150 million RMB per year for the past five years. 
The school has several national and provincial and ministerial 
laboratories, such as the National Laboratory of Solid State Mi- 
crostructures (NLSSM), Ministry Key Laboratory of Modern 
Acoustics, Provincial Key Laboratory for Nanotechnology, Nan- 
jing National Laboratory for Microstructures (under construc- 
tion), etc. NLSSM was founded in 1984 and was one of the first 
state key laboratories founded in China. In all of the assessments 
for state key laboratories, NLSSM always received an “excel- 
lent laboratory” assessment. In 2014, the school took the lead 
in founding the Collaborative Innovation Center of Advanced 
Microstructures. This is a project in partnership with the physics 
departments at Fudan University, Shanghai Jiao Tong University, 
Zhejiang University, the University of Science and Technology 
of China, and the Hefei Institute of Physical Science of the Chi- 
nese Academy of Science. 
The School aspires to become one of the most highly ranked 
physics departments in the world. We extend our warm welcome 
to distinguished scholars and outstanding young talents to join 
our efforts from China and beyond. We invite application for 


tenured/tenure-track faculty positions and postdoctoral positions 
in the fields of theoretical and experimental condensed matter 
physics, optics and photonics, acoustics, particle and nuclear 
physics, biophysics, soft matter physics, atomic and molecular 
physics, computational physics, as well as artificial intelligence 
and quantum physics. 


Positions and Qualifications 

We are seeking outstanding candidates for all levels of faculty 
positions, including tenured full/associate professors and ten- 
ure-track research professors. Candidates should have a Ph.D. 
in a relevant discipline and an exceptional record of research 
accomplishments. The individual’s work experience and research 
achievements will determine the position offered. 

We are also seeking qualified candidates for postdoctoral po- 
sition. Candidates should have a Ph.D. in a relevant discipline 
or expect a Ph.D. within two years, with demonstrated research 
potential. 


Salary and Benefits 

All newly hired tenured faculty members will be provided suf- 
ficient startup resources and necessary research infrastructures. 
Annual salaries for tenured full professors range from 500K to 
900K RMB (equivalent to US$71200-128200). Annual salaries 
for tenured associate professors range from 400K to 500K RMB 
(equivalent to US$57000-71200). Generous housing and start-up 
packages will also be offered. 

Annual salaries for research assistant professors and postdocs 
range from 200K to 350K RMB (equivalent to US$28500-49800). 
Rank and salary will be commensurate with work experience and 
research performance. Two-year initial contracts are renewable. 
Outstanding performers will be invited to join in faculty. 


To apply 


Application materials include a cover letter, a full CV with the 
publication list, a statement of future research plans, and three 
letters of recommendation. Complete application packages and 
reference letters should be directed to Prof. Baigeng Wang. 


Tel: +86 25 83686486 
Email: bewang@nju.edu.cn 
Website: https://physics.nju.edu.cn 


Credit: ESA - C. Carreau. 


Credit: ESA/Hubble & NASA. Acknowledge- 


ment: Judy Schmidt (geckzilla.com) 


Astronomy at Peking University sams 


PKU astronomy encompasses 
the Department of Astronomy 
(DoA) and the Kavli Institute 
for Astronomy and Astrophysics 
(KIAA), the latter being jointly 
supported by PKU and the Kavli 
Foundation, USA. With DoA 
and KIAA working closely, PKU 
astronomy has established a 
high-level international research 
team through worldwide recruit- 
ment. It currently has 25 faculty 
members (30% are non-Chinese), 
30 postdoctoral fellows (60% are 
non-Chinese), 104 undergrad- 
uate students and 59 graduate 
students. The research includes 
four major areas of astrophysics: 
(1) cosmology, galaxy formation 
and evolution; (2) interstellar 
medium, stellar and planetary 
systems; (3) gravitational physics 
and high-energy phenomena; and 
(4) computational astrophysics. 
Recent years have witnessed a 
number of research findings with 
considerable international impact. 


In 2014, Prof. Fukun Liu and 
his colleagues found a pair of 
supermassive black holes in an 
ordinary galaxy for the first time. 
This discovery was praised for 
“really changing the way we think 
about the universe, and opening 
up whole new areas for astrono- 
mers to study” by international 
colleagues. 

In 2015, Prof. Xuebing Wu’s 
team discovered the most lumi- 
nous quasar with a central black 
hole mass of 12 billion solar mass- 
es in the early Universe, the most 
massive black hole discovered 
at redshift greater than 6. This 
finding seriously challenged black 
hole formation and galaxy evolu- 
tion theories. Published in Nature, 
it was selected as one of the top 10 
major scientific achievements of 
the year in China. 

In 2016, Prof. Subo Dong 
discovered the most luminous 
supernova ever seen, which may 
lead to new ideas and new ob- 


Credits: Zhaoyu Li. The background images 
are from NASA/JPL-Caltech and Misti Moun- 


servations of the whole class of 
superluminous supernovae. Pub- 
lished in Science, it was selected 
as one of the top 10 achievements 
in astronomical science and tech- 
nology of the year in China. 

In 2015-2016, former PhD stu- 
dent Chengyuan Li published two 
papers in Nature: after finding 
that intermediate-age star clusters 
can be composed of a single-gen- 
eration stellar population, he and 
his colleagues discovered young 
populations of stars within glob- 
ular clusters that have apparently 
formed from gas flowing in from 
outside of the clusters themselves. 

More achievements are demon- 
strated by the many prestigious 
projects and awards, such as the 
National Key Program for Sci- 
ence and Technology Research 
and Development sponsored by 
the Ministry of Science and Tech- 
nology (MOST) of China, and the 
Group Innovation Award granted 
by the National Science Founda- 
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tion of China. The PKU astron- 
omy group also plays significant 
roles in the majority of large as- 
tronomical research facilities and 
initiatives involved by China, in- 
cluding NGPS, LAMOST, FAST, 
QTT, JCMT, TMT, SKA, ete , 
and serves as key coordinator for 
the China-US ‘10+10’ program in 
astronomy, which promotes sci- 
entific cooperation and exchange 
in astronomy between 10 United 
States universities and 10 Chinese 
universities. 

PKU has become one of the 
most important platforms for 
cultivating talent and conducting 
cutting-edge scientific research 
in astronomy, generating impact 
around the world. 


Feel free to contact us: 

Tel: +86-10-6275-6630 

Email: shuyan@pku.edu.cn 
http://kiaa.pku.edu.cn/ 
http://vega.bac.pku.edu.cn/astro/ 
astro.htm 


Energy and Resources Engineering 


at Peking University 


The Department of Energy and 
Resources Engineering (DERE) at 


Peking University, committed to 
cutting-edge research on engineer- 
ing problems related to energy and 
environment, has a reputation for 
its research on the development of 
unconventional fossil energy and 
renewable energy sources, as well as 
on the cyclic utilization of resources. 

Professor Dongxiao Zhang, the 
dean of the college, is leading his 
team to conduct fundamental research 
on the mechanisms and technologies 


of unconventional oil and gas devel- 
opment, such as shale gas/oil, coal 
bed methane and natural gas hydrate. 
Professor Hailong Lu and his group 
are dedicated to the fundamental 
studies of the physical and chemical 
properties of natural gas hydrates for 
the development of production and 
survey technology, providing strong 
technical support for China’s first pro- 
duction test of marine gas hydrate in 
the South China Sea. 

DERE has developed several new 
energy sources such as new solar cells, 


lithium battery materials, biomass 
fuel, and microorganisms (including 
microalgae) as single-cell factories for 
biofuels. Xiaowei Zhan and his team 
created a brand-new nonfullerene ac- 
ceptor system, the Fused-ring Electron 
Acceptor (FREA), which is recognized 
as the best-performing nonfullerene 
acceptor system and has been adopted 
by many research groups across the 
world to fabricate high-performance 
organic photovoltaics (OPV) with ef- 
ficiencies exceeding 14%, far superior 
to fullerene-based OPV (11-12%). The 
emergence of such a high-performance 
fullerene acceptor as FREA has begun 
to marginalize previously predominant 
acceptors in OPV, inaugurating a new 
era of OPV technology. 

DERE is pioneering new envi- 
ronmental techniques and uncon- 
ventional resources utilization. Hao 
Wang and his group has made a 
breakthrough by developing a nano- 
scale detection method, i.e. Joints of 
Interfaces, on the triple-phase contact 
lines and detected dynamic nanos- 
cale information which was urgently 
needed for long-standing debates. 
They created self-driven and aligned 
moving contact lines on both solid 
and solution surfaces, which can 


be used in systems to achieve fast, 
environmentally friendly, and large- 
scale fabrication of materials like 
solar perovskites. They have also 
developed a smart bubbling scrubber 
that allows fume gas to be quickly 
cleaned through interaction with bub- 
bles. Professor Xidong Wang, chair 
of DERE, is conducting research 
on the efficient recycling of solid 
waste resources and residual energy. 
Various environmentally-friendly 
material products, by coupling waste 
resources and residual energy, have 
been researched, invented, and wide- 
ly used in industrial production. 
DERE has established many lab- 
oratories, such as the Beijing Key 
Laboratory for Advanced Battery 
Materials and the Beijing Key Lab- 
oratory of Solid Waste Utilization, 
in order to facilitate interdisciplinary 
research on energy and resources. 
Outstanding scholars in relevant re- 
search areas are warmly welcome to 
contact DERE at PKU. Feel free to 
contact us at: 
http://en.coe.pku.edu.cn/Energy-Re- 
sources-Engineering/index.htm 
Tel: +86-10-82529077 
Fax: +86-10-82529010 
Email: gnyx@pku.edu.cn 


Space Sciences at Peking University sa 


The discipline of space sciences 
was initiated at Peking University in 
1959, only two years after the success- 
ful launch of the first manmade space- 
craft that marked the start of the space 
era. Peking University has listed space 
science as one of its key cross-discipli- 
nary sciences. The Institute of Space 
Sciences and Applied Technology (IS- 
PAT) offers undergraduate and grad- 
uate prograoms in five major fields of 
space sciences: solar and heliospheric 
physics, magnetospheric physics, iono- 
spheric and upper atmospheric physics, 
space weather, and space exploration. 

ISPAT has been conducting 
high-impact research. For instance, 
ISPAT is undergoing a NSFC (Na- 
tional Natural Science Foundation 
of China) Creative Research Group 
project, led by Prof. Qiugang Zong, to 
comprehensively investigate the ac- 
celeration, transportation, and effects 
of energetic particles in solar-terrestri- 
al space. ISPAT has achieved a num- 
ber of scientific breakthroughs in the 
field of space physics: the discovery 
of the unusual, isotropic superhalo 
electrons in the interplanetary space 


that are probably originated from the 
magnetic reconnections in solar nano/ 
micro-flares, the establishment of the 
double-component theory of kinetic 
turbulence in the solar wind, the pro- 
posal of the fast acceleration mecha- 
nism of inner-magnetospheric parti- 
cles via ULF waves, the discovery of 
the sudden flux drop and subsequent 
dropout echo of the outer radiation 
belt electrons that are triggered by 
interplanetary shocks, the proposal of 
the drift-echo mechanism to account 
for a zebra-like pattern of inner radia- 
tion belt elections, the discovery of an 
inverted V-type spectral structure that 
is generated by the upflowing oxygen 
ions while accelerated along the mag- 
netic field in the polar regions, etc. 

On the other hand, ISPAT has been 
conducting the design and develop- 
ment of space-borne instrumentation. 
For instance, the particle radiation de- 
tector on board the China-Brazil Earth 
Resources Satellite has successfully 
probed the inner radiation belt by 
monitoring the radiation environment 
inside the spacecraft. Recently, the 
Imaging Electron Spectrometer (IES), 


developed by ISPAT, has been flown 
on one Beidou Navigation Satellite, 
to monitor the outer radiation belt and 
especially explore the wave-particle 
resonance interactions. 

In May 2017, Peking University 
established the Center of Planetary and 
Space Sciences upon ISPAT, aiming 
to provide a world-class research and 
education platform for space sciences. 

ISPAT will expand its efforts in all 
fields of space sciences, in order to 
explore the heliopshere - the home 
of human beings in the universe. 
Specifically, ISPAT will explore the 
acceleration and transport of ener- 
getic particles from the Sun and in 
the heliosphere, the solar origin and 
interplanetary transport of solar wind 
and coronal mass ejections, as well as 
the interactions between solar wind 
and interstellar wind at the outer heli- 
osphere and beyond. It will also con- 
duct comparative planetology studies, 
especially aiming to investigate the 
loss of planetary atmosphere and 
the origin and evolution of planetary 
magnetic field/magnetosphere. 

Since the space-borne instrumen- 


ADVERTISEMENT 


tation is a major pacing factor of 
space sciences, ISPAT will focus on 
the design and development of the 
new-generation instrumentation and 
technology, including the multi-pitch- 
grid Energetic Neutral Atom Imager 
that provides the unique way to ob- 
serve the physics processes in space 
plasma. ISPAT will also continue par- 
ticipating in China’s Mars and Jupiter 
Exploration Programs, as well as the 
prospective Magnetosphere-Iono- 
sphere-Thermosphere Coupling Ex- 
ploration Program (PI: Prof. Suiyan 
Fu from ISPAT). 

For more information, please refer to: 
http://www.space.pku.edu.cn/en/ 

Or Contact Prof. Qiugang ZONG 
Email: qgzong@pku.edu.cn, 

Tel: +86-10-62767422 
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Zhengzhou University~ 
Seeking for Global Talents ~ - 


>. 


to build a First-clas ivers ; 


School Profile 


hengzhou University is one of the key universi- 
ties of the national “211 Project”, a top-ranking 
construction university jointly established by the 
Ministry of Education and Henan Province and. 
It is a comprehensive university combined of the former 
Zhengzhou University, Zhengzhou University of Technol- 
ogy, and Henan Medical University in July 2000, covering 
12 disciplines class including liberal arts, science, engi- 
neering, medicine, and agriculture. 
The school has more than 54,000 full-time undergraduate 
students, over 19,000 postgraduates, and nearly 2,200 in- 
ternational students. It boasts 30 doctoral degree programs 
for first-level disciplines, 3 doctoral degree programs for 
professional degrees, 116 Undergraduate majors, and 28 
post-doctoral research stations; 3 first-class construction 


disciplines of clinical medicine, materials science and en- 


gineering and chemistry; 6 national key disciplines of pa- 
thology and pathobiology, chemical technology, condensed 
matter physics, material processing engineering, organic 
chemistry, and ancient Chinese history; 7 disciplines (fields) 
such as chemistry, materials science, clinical medicine, 
engineering, pharmacology and toxicology, biology and 
biochemistry, molecular biology and genetics ranking the 
top 1% of ESI in the world; 8 national research platforms 
including the National Engineering Research Center and the 
Engineering Laboratory. There are more than 5,700 faculty 
members, including 13 academicians of the 2 academies(the 
Chinese Academy of Sciences and the Chinese Academy of 
Engineering), 2 members of the Chinese Academy of Social 
Sciences, 4 overseas academicians; 8 winners of the "The 
National Science Fund for Distinguished Young Scholars", 
10 Yangtze River scholars, 12 candidates of the National 


"Thousand Youth Talents Program"(Introduction Plan of 
Overseas Chinese High-level Talents), 6 national teaching 
masters, and 24 national candidates for "Million and Ten 
Million Talents Projects" . There are also 752 professors. 
The school has formed a talents team guided by academi- 
cians and academic masters, led by "Youth Talents" and 
"Yangtze River Scholars" as academic leaders, and excel- 
lent young doctors as the backbone. 

In September 2017, Zhengzhou University was listed in 
the ranking of national first-class universities and colleges; 
and in February 2018, it became a jointly established uni- 
versity of the Ministry of Education and Henan Province. 
At the new historical context, the school positions itself 
as a comprehensive research-oriented school, proposes a 
“three-step” development strategy for a first-class univer- 


sity, and strives to become a world-class comprehensive 


research university by the middle of this century. 

The school always gives the priority to talents work and 
vigorously implements the strategy of strengthening the 
school with talents. It has formed a talents team guided 
by academicians and academic masters, led by “Youth 
Talents” and “Yangtze River Scholars” as academic lead- 
ers, and excellent young doctors as the backbone.The 
construction of Zhengzhou University’s first-class uni- 
versity responses to the call for the economic and social 
modernization and carries the determination of the Central 
Plains Rise Strategy and Chinese Nation Rejuvenation. 
All members form Zhengzhou University will take root 
in the Central Plains to run a university, seek truths, take 
the responsibility, and strive for excellence to contribute 
to the construction of a first-class comprehensive research 


university. 
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Recruitment 
Disciplines 


Disciplines in Philosophy, Economics, Law, Education, 


Literature, History, Science, Engineering, Agriculture, 
Medicine, Management, and Art and others related. 


Recruitment 
Jobs 


1.Distinguished Young Talents 
Young talents who have great academic development 
potential and are ready to cooperate. 


2.Backbone Teachers 

a.Outstanding Doctors: who get good academic re- 
cords with high-level research achievements. 

b. Excellent Doctors: who get good academic records 


and and promising academic development potential. 


3.Post Doctors faculty 
Normally fresh postdoc are required. 


CONTACT 

Mrs Lv (Tel: +86-371-67781085) 
Mrs Wang (Tel: +86-371-67781731) 
Email: rczp@zzu.edu.cn 

Website: www5.zzu.edu.cn/rsc/ 


Salary and Benefits 


Talents Type Remuneration(Pre-tax) 


1.Governmental affiliated institu- 


Distinguished Young Talents 


Outstanding 


Doctors: 
Backbone 
Teachers 
Excellent 
Doctors 


Post Doctors faculty 


tions careers 
2.Annual Salary:300 thousand Yuan 
3.House Allowance: 300 thousand 

Yuan 
4.Research Founding: 200 thou- 
sand~500 thousand Yuan 


1.Governmental affiliated institu- 
tions careers 
2.Annual Salary:200 thousand Yuan 
3.House Allowance: 200 thousand 
Yuan 
4.Research Founding: 200 thousand 
Yuan 


1.Governmental affiliated institu- 
tions careers 

2.Salary for every month measured 
as lecturers and performance pay 
3.House Allowance: 100 thousand 
Yuan 

4.Research Founding: 50~100 thou- 
sand Yuan 


1.Governmental affiliated institu- 
tions careers 

2.Salary for every month measured 
as lecturers of the 2nd level and 
annual research performance pay 
of 60~120 thousand Yuan 

3. Research fund: 20~40 thousand 
Yuan 

4.Postdoc apartments or housing 
subsidy of 1500 Yuan for each 
month 

5. Research Funding or fees subsid- 
ed from Henan Province Govern- 
ment 


The governments of Henan Province and Zhengzhou City will provide 


funds and prizes, research fees and housing subsidies according to 


talents types. 


Multidisciplivary Faculty Positions at 


a ae 


Zhejiang University 
Medical Center (ZJUMC) 


s a leading education and health institution in 
China, Zhejiang University integrates medi- 
cine-related preponderant disciplines, outstand- 
ing talents, and various resources, establishing 
the foundation of the new medical center (ZJUMC), with 
a mission to develop a world-class biomedical and clinical 
innovation hub to tackle unmet medical needs and promote 
patient health and wellness (for more information, please 
see www.rand.org/pubs/research_reports/RR2819.html, and 
the official website of ZJUMC at www.med-x.zju.edu.cn). 


ZJUMC is located in Hangzhou Future Science & Tech- 
nology City, a national innovation and entrepreneurship 
base, neighboring with Alibaba and its DAMO Academy, 
and Zhejiang LAB. Its innovation ecosystem includes 
state-of-the-art core facilities, an innovation fund, high- 
ly competitive start-up package, and flexible policies. 
ZJUMC has identified undiagnosed diseases, blood/im- 
mune diseases, and major mental illness as its research 
priorities. Unique features of ZJUMC include: 

1.Vibrant interdisciplinary programs that integrate both 
basic and translational biomedical research in a highly in- 
novative and collaborative environment. 

2.Discovery and therapeutic core facilities: multi-omics, 
single-cell analysis, genome engineering, high-throughput 
screening, drug discovery, GMP, animal facility, clinical 
trial facility, big data & medical AI. 

3.Institutional member of UDNI (Undiagnosed Diseases 
Network International). 

4.Home of National Frontier Research Center for Brain & 
Brain-Machine Integration, Ministry of Education of China. 


5.Flexible and diverse funding mechanisms (Government 
fund, AC, VC, industry fund, etc). 

6.Abundant clinical resources (Over 15,000 clinical beds, 
18M outpatients, 700K inpatients) 

ZJUMC is currently recruiting multidisciplinary facul- 
ties at several levels: distinguished scholars, physician 
scientists, academic professors, clinical professors, and 
junior PIs in the following areas (including but not lim- 
ited to): 


e Genomic Medicine (including genome editing) 
@ Multi-omics and Disease Phenomics 
e Single-cell Technologies 

e Stem Cell and Gene/Cell Therapy 

e Synthetic Biology 

e@ Precision Diagnosis 

e Personalized Medicine 

e Disease Modeling 

@ Clinical Trial 

e Bioinformatics 

e Big Data and Medical Al 


Please kindly send your application including CV, research plan, 
cover letter and three referees to shenghongq@zju.edu.cn. You 
may also visit http://rsc.zju.edu.cn/talent/english/redir. 
php?catalog id=105163&object_id=105158 for more 
details regarding position description. Application will be 
open all year round. First round of completed applications 
will be reviewed starting on December 15, 2019. Addi- 
tional inquiries may be referred to Zhejiang University 
Medical Center (Tel: +86-571-88981475). 
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enan University, founded in 1912, is located in 
Kaifeng, a famous historical city which had been 
the capital of Ancient China across eight different 
dynasties. In 2008, Henan University formally en- 
tered the list of the universities which are jointly developed 
by the provincial government and the Ministry of Education; 
In 2016, Henan University entered the “111 Plan”; and Since 
2017, it has become a “Double Top-ranked” university. 


The Key Lab for Special Functional Materials of Ministry 
of Education was founded in 1986. In 1998, the lab was 
promoted to be the Provincial Open Laboratory of Key 
Disciplines in Henan. It has become the Key Laboratory of 
Henan Province, the Key Laboratory of the Ministry of Ed- 
ucation, Henan Engineering Technology Research Center, 
the Engineering Research Center of the Ministry of Educa- 
tion, the International Joint Laboratory of Henan Province, 
the National Key Laboratory Base of Universities in Henan 
Province, Coordinated Innovation Center of Nanoscale 
Functional Materials and Application in Henan Province, 
Henan Engineering Laboratory, the National Key Reserve 
Laboratory in Henan Province, Nation-Local Joint Engi- 
neering Research Centre for High-Efficiency Display and 
Lighting Technology. The total research equipment worth 
> 80 million RMB. There are around 70 faculty members, 
including 1 ZhongYuan Scholar, 3 Excellent Young Scholars 
of the National Science Foundation of China, | Thousand 
Youth Talents Scholar, 4 Distinguished Professors of Henan 
Province and > 10 Distinguished Professors of Henan Uni- 
versity. The lab holds First-Level Doctoral Entitlement and 
postdoctoral posts for both physics and chemistry. The team 
initiated “Nano Functional Materials and Applications”, 
which has won support from “the ChangJiang Scholars and 
Innovation Team Development Plan” by the Ministry of Ed- 
ucation. 


We are mainly engaging in the fundamental and applied 
research of nano-materials and devices in the future opto- 
electronic information, new energy and other fields. Major 
research area include: i) Quantum dots luminescence display 
materials and devices, ii) Self-powered electronic/optoelec- 
tronic nano-devices, 111) High efficiency thin film photovol- 
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Stay Education}in Henan University 
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taic materials and technology, and iv) Nano photoelectric 
biological diagnosis materials and techniques. We strive to 
cultivating high-end talents and providing original innova- 
tion to benefit the development of the regional and national 
economy. Specifically, we are developing the next-genera- 
tion display and lighting technology based on quantum-dot 
light emitting diodes (QLED). It aims at building up the 
core technologies to support the optoelectronic information 
industry from Henan to the whole country, especially in the 
high-efficiency display and lighting industry, and promoting 
the development of strategic emerging industries. 


In accordance with the rapidly growing industry of opto- 
electronic information, new materials and new energy in the 
central and western regions of China, we have been estab- 
lishing wide fields of fundamental research across the design 
and construction of nanostructured materials, photoelectric 
transfer characteristics at material surface/interface, photo- 
electric nano-devices, luminescent quantum dot structural 
design as well as high efficiency thin-film photovoltaic de- 
vices. In particular, we have achieved several world-leading 
performances on the blue-light QLED and nano-devices. 
This lab has been granted for > 100 national fundings in- 
cluding the National High Technology Research and Devel- 
opment Program of China, the National Key Basic Research 
Development Plan, The Key Program of Natural Science 
Foundation of China, and Innovative Research Team of the 
Ministry of Education. Besides, > 100 provincial/industrial 
projects are currently ongoing or have completed in this lab. 
We have published > 600 research papers on top journals 
including Nature Photonics, Nano Lett., Adv. Mater., J. Am. 
Chem. Soc., ACS Nano, Adv. Energy Mater., Adv. Funct. 
Mater., Appl. Phys. Lett., etc. More than 80 national inven- 
tion patents have been authorized, some of which have been 
successfully transferred to industrial applications. 


We are recruiting ambitious and outstanding researchers 
from diverse fields around the globe. Welcome to join us. 
Together let’s build a better future for us and all mankind. 


Website: http://lab.henu.edu.cn/ 
Email: zid@henu.edu.cn 


For more information, please visit: www.shanghaitech.edu.cn. 


ShanghaiTech is now seeking 
talents in the following fields 
School of Physical Science and 
Technology: energy, system ma- 
terials, photon and condensed 
state, material biology, environ- 
mental science and engineering 
School of Life Science and 
Technology: molecular and cell 
biology, structural biology, neu- 
roscience, immunology, stem 
cells and regenerative medicine, 
system biology and biological 
data, molecular imaging, bio- 
medical engineering 

School of Information Science 
and Technology: computer 
science, electrical engineering, 
information engineering, artificial 
intelligence, network and commu- 
nication, virtual reality, statistics, 
big data and data mining. 

School of Entrepreneurship 
and Management: economics, 
finance, accounting, manage- 
ment, marketing, strategy and 
entrepreneurship 

School of Creativity and Art: 
innovative design, filmmaking, 
game design, tech-driven art, 
big data visualization, creativi- 


ty, design thinking 

Shanghai Institute for Ad- 
vanced Immunochemical 
Studies: antibody therapy, 
Immunotherapy, cell therapy, 
regeneration medicine 

iHuman Institute: bio-imaging, 
biology, chemistry, computa- 
tional biology, AI/ML 
Institute of Mathematical 
Sciences: pure mathematics, 
theory of computing, applied 
mathematics 

Institute of Humanities: 
Chinese philosophy, Western 
philosophy, logic, science 
philosophy, aesthetics, Ancient 
literature, modern literature, 
literary theory, comparative 
literature and world literature, 
Chinese writing, Chinese 
history, world history, historical 
theory, British and American 
language and literature, French 
language and literature, German 
language and literature, Japa- 
nese language and literature. 


Following positions are opening 
1.Tenured and Tenure-track 
positions: assistant professor, 


associate professor and full 
professor. 

Successful applicants will 

have a doctoral degree, and are 
expected to establish a record 
for independent, internationally 
recognized research, supervise 
students and teach high-quality 
courses. 

2.Research positions: post-doc- 
toral research fellow, research 
assistant professor, research 
associate professor and research 
professor. 

Successful applicants will have 
a doctoral degree, a good re- 
search record and great passion 
for research. 

3.Assistant positions: teaching 
assistant, research assistant, and 
administrative officer. 
Successful applicants will have 
a Master’s degree and relevant 
working experience. 


ShanghaiTech will offer 
attractive compensation pack- 
ages, including: 

Initial research support 
package: reasonable start-up 
funds, research associates and 


rrying out ae... 


eneurs. With the backing and 
: five schools, three research 
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ang Comprehen- 


post-doctoral fellows, laborato- 
ry space to meet research needs. 
Compensation and benefits: 
highly competitive salary com- 
mensurate with experience and 
academic accomplishments, a 
comprehensive benefit package. 
Subsidized housing: on-campus 
80/100/120 m2 faculty apartments 
available at low rent for tenured 
and tenure-track faculty, on-campus 
postdoctoral dormitories, off-cam- 
pus postdoctoral apartments and 
municipal apartments subsidized 
by Shanghai government. 
Relocation & travel allowance: 
reimbursement of expenses 

for household relocation and 
family’s one-way travel. 
Family assistance: support 
with children’s education; affil- 
iated kindergarten, primary and 
middle schools. 


To apply: using this format, please 
submit a cover letter (Firstname_ 
Lastname_Cover_Letter.pdf), a 
research plan (Firstname_Last- 
name_Research_Plan.pdf), and a CV 
(Firstname_Lastname_CV.pdf) to 
shanghaitechuniversity@gmail.com 
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Shaanxi University of Science and Technology (SUST) 
Advanced Faculty Positions for Overseas Talents 


haanxi University of Science and Technology (SUST) lo- 
cated by Ba River and Weiyang Lake in Xi’an, cradle of 
China’s civilization of more than 5000 years, is the only 
multidisciplinary university specializing in light industry 
science, technology and engineering in West China. SUST is support- 
ed by National University Basic Ability Construction Project-Mid and 
West, and Shaanxi Province Advanced Level University Construction 
Project. 
Current tenured faculty headcounts amount to 1,200 with approxi- 
mately 600 with advanced appointments, supervising over 21,000 de- 
gree program students including around 3,000 master and PhD degree 
program students. SUST is home to 6 provincial level top disciplines, 
25 key state and province laborites, research bases, engineering and 
technology research centers, 1 provincial level collaborative inno- 
vation center, | provincially supported philosophy and humanities 
special discipline, 5 provincial level model stations of graduate joint 
education, 6 university level academician workstations. 
In January 2017, SUST material science discipline enters the top 1% 
of ESI ranking for the first time, stepping into international first-rate 
discipline. 
In order to implement “Talent Strengthening SUST Development” 
strategy more comprehensively and effectively, further enhance the 
international intensity of faculty, we sincerely invite distinguished tal- 
ents in the following disciplines to join SUST: 


Light Industrial Science & Engineering 
(Bio-resources Chemical & Material Engineering) 
Materials Science & Engineering 

Environmental Science & Engineering 

Food & Biological Engineering 


Chemistry & Chemical Engineering 
Mechanical & Electrical Engineering 
Electrical & Information Engineering 
Economics & Management 
Managerial Science and Engineering 


Recruitment Positions 

Position Disciplinary Leading Talents (AO) , Distinguished Professors 
(A1), and National Thousand Youth Talents Plan or Equivalent (A3) 
are open as well, more details can be found at www.sust.edu.cn. 


BO Position BO Excellent Young Scholars 

1. Qualifications: Applicants should hold a PhD degree or have 
post-doctoral research experience of top overseas university or re- 
search institutions with strong research potential and leadership, and 
meet one of the following requirements: 

(1) Publication of 1 ESI high citation paper, or 2 SCI JCR-Q1 papers, 
or 5 SCI JCR-Q2 papers or 5 papers with impact factor above 3.0 as 
the first author in recent 5 years, and experience of primary investiga- 
tor or co-investigator in important research projects; 

(2) 2 years of experience at overseas universities, research institutions 
or top enterprises with associate (assistant) professorship or post-doc- 
toral fellowship. 


2. Salary & Benefits (pre-tax) 

1. Relocation 

Entitled to buy an apartment on campus (100-120 m2); Relocation 
allowance: CNY300000. 

2. Research Start-up Fund 

Science & Engineering: CNY600000; Social Science: CNY300000. 

3. Faculty Position & Annual Salary 

Level 6 Associate Professorship with minimum annual salary of 
CNY 150000; Master student adviser; Priority in graduate recruiting. 
4. Government Talents’ Plan Allowance 


Applicants can apply for Shaanxi Provincial Hundred Talents Plan 
with SUST as affiliation. Recipient of Hundred Youth Talents Plan 
Award can receive a government allowance of 0.5 million which is 
exempt from income tax. 


B1 Position B1 Excellent PhD 

1. Qualifications: Applicants should hold a PhD degree or have a 
post-doctoral experience with top overseas university or research in- 
stitutions with strong research potential and leadership, and meet one 
of the following requirements: 

(1) Publication of SCI JCR-Q1 paper, or 3 SCI JCR-Q2 papers or 3 
papers with impact factor above 3.0, or 6 SCI /EI journal papers as the 
first author in recent 5 years; 

(2) Experience at overseas university, research institution with associ- 
ate (assistant) professorship or post-doctoral fellowship. 

2.Salary & Benefits (pre-tax) 

1. Relocation 

Entitled to buy an apartment on campus (100-120m’); Relocation al- 
lowance: CNY200000. 

2. Research Start-up Fund 

Science & Engineering: CNY200000; Social Science: CNY 150000. 
3. Faculty Position & Annual Salary 

Level 7 Associate Professorship with minimum annual salary of 
CNY 120000. 

4. Government Talents’ Plan Allowance 


Applicants can apply for Shaanxi Provincial Hundred Talents Plan 
with SUST as affiliation. Recipient of Hundred Youth Talents Plan 
Award can receive a government allowance of 0.5 million, exempt 
from income tax. 


Contact Information 

Applicants interested in SUST faculty positions please contact us via 
information listed below. 

SUST Address: Shaanxi University of Science & Technology, Wei- 
yang University Park, Xi’an 

SUST Website: www.sust.edu.cn 


SUST Recruitment Home Contact: Lv Shaozhong 
Contact Number: +86-29-86132873: 

Fax: +86-29-86168062 

Email: sustrsc@126.com 


coastal city, Zhanjiang, in the mainland of China, is a key institution co-built by 

the People’s Government of Guangdong Province and the State Oceanic Admin- 
istration of China. Featuring Ocean and Fisheries Sciences and developing as a comprehen- 
sive, multidisciplinary one, GDOU has an integrated academic degree authorization system 
that provides bachelor’s, master’s, and doctoral degrees, and has been evaluated “excellent” 
by the Undergraduate Teaching Evaluation of the Ministry of Education of the P.R. China 
and crowned as a high-level university of key subject construction in Guangdong Province. 


G uangdong Ocean University (GDOU), located in an enchanting southernmost 


Our university has three campuses of different functions, 806 acres in total, of which the 
main campus is located at the east side of the National Class 4A Tourist Attraction, Hu- 
guangyan, one of the world renowned volcanic geo-parks. This dream campus, being a 
beautiful place full of trees and flowers, facing sea, and being surrounded by mountains, is 
home to studying, teaching, and researching. 


GDOU prides herself on owning 3 first-class disciplines for doctoral degrees, 9 first-class 
master’s degree programs, 44 secondary master’s degree programs, 77 undergraduate ma- 
jors, 1 comprehensive national reform pilot subject, 4 pilot subjects in the Educational Re- 
form Plan of Excellent Agricultural Talents, | national off-campus practical education base 
for students, 33 research platforms at provincial or ministerial level, 13 provincial demon- 
stration centers of experimental education, 21 key laboratories at department level, etc. 


At GDOU, more than 35,000 students from different countries gather around to pursue 
their dreams. Over 2,500 qualified and brilliant staff and faculty are devoting themselves to 
teaching, researching, and more at GDOU. 


Due to the fast development and establishment, GDOU is now recruiting high-level faculty 
from both China and abroad. 


Donghua University Welcome 
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Disciplines 

Sciences, Engineering, Economics, Management, Law, 
Literature, Education, marine-related disciplines, Art, 
etc. Please find the details in GDOU website. 


Job Requirements 

(1) PhD from both overseas and domestic universities/ 
research institutes; 

(2) Be capable of teaching and researching at university. 


Contact us 

Applicants could send a detailed CV to reyj@gdou.edu.cn. 
Please detail your education, work experiences, publica- 
tions, research interests, etc., and use Applicant’s Name 
+ Profession (Field of Research) + Current Institution 
of Study or Work + Position of interest as the subject of 
the email. 


Tel: (+86) 0759-2383117 
Email: rcyj@gdou.edu.cn 


GDOU Website: www.gdou.edu.cn 
Recruitment: http://zp.ehall.gdou.edu.cn/rsfw/sys/zp- 
glxt/extranet/index.do#/home 


Distinguished Scholars from Home and Abroad 


onghua University, located in Shanghai, is one of the state-key universi- 
ties directly under the Ministry of Education of China. It is a member of 
Project 211. Textile Science and Engineering is selected as world first- 
class discipline by the Ministry of Education in 2017. 


Donghua University was founded in 1951 as East China Textile College. In 1985, 
it changed its name to China Textile University, and to its present name, Donghua 
University in 1999. It is one of the first universities accredited by the Ministry of 
Education for granting the doctor, master and bachelor degrees. In the fourth-round 
discipline evaluation in 2017, the discipline of Textile Science and Engineering 
listed in Class A+. In the ESI rankings, it had six disciplines, Engineering, Chemis- 
try, Materials science, Computer Science, Mathematics and Physics, ranked among 
the top 1% worldwide. 


Currently Donghua University has developed into a distinctive multi-disciplinary 
university, with engineering as the predominant discipline alongside the coordinated 
development of engineering, science, management, and the liberal arts disciplines. 


Salary and Benefits 
Annual Salary House Allowance 
Excellent Young Scholars 400,000-500,000 1,000,000-2,000,000 
Senior Professors >650,000 2,000,000-3,000,000 


* The units of the above amount are RMB 


Main Disciplines 

> Textile Science and Engineering 

> Materials science and Engineering 

> Control Science and Engineering 

> Environmental Science and Engineering 
> Chemistry 

> Management Science and Engineering 
> Mechanical Engineering 

> Design 


Recruitment Positions 

Donghua University Distinguished Research Fellow 
Applicant should get PhD degree and have post-doctor 
experience or obtained assistant professorship or above 
in prestigious overseas universities; or professors in 
domestic high-level universities or institutions. 


Research Funding 
3,000,000-5,000,000 
3,000,000- 10,000,000 


Distinguished Research Fellow can be directly appointed as professors and doctoral supervisors. 


TEL: +86-02167792043 


Email: rcb@dhu.edu.cn 


More details available at http://web.dhu.edu.cn/rcbdhu/ 
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Sueth China Usiversity wl Techoulogy Scty 


School of Materials Science and Engineering (SMSE), with a history dating back to the 1950s, is developed from the 
traditional advantage majors in South China Institute of Technology (predecessor of SCUT). SMSE is now composed of 
several parts: 5 Departments, 5 Institutes, 1 State Key Laboratory (State Key Laboratory of Luminescent Materials and 
Devices), 1 National Engineering Research Center (National Engineering Research Center for Tissue Restoration and 
Reconstruction), | International Schoo! of Advanced Materials. SMSE has a current enrollment of 3219 students, including 
1642 undergraduate students, 1095 graduate students and 482 Ph.D candidates. The School currently boasts 220 full-time 
teachers, among whom 108 are professors, including 7 academicians of CAS and CAE, 6 global highly-cited scientists. 


SEEKING 
GLOBAL 
TALENTS 


AUMREMAMEFR — Recruiting Teachers for English Courses 


South China University of Technology 
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Guangzhou University of 


Chinese Medicine 
Inviting Global Talents 


uangzhou University of Chinese Medicine (GUCM), one of the first four oldest institu- 
Gin of Chinese Medicine, is currently supported by the National “Double First-rate” 
plan and the Program of High-level University of Guangdong Province. GUCM is located at 
the economically developed South China, it offers great opportunities for the researchers 


who are working in medicine and pharmacy. 


H igh-level talents in the flelds of basic or clinical medicine and pharmacy including tradi- 
tional Chinese medicine, integrative Chinese and Western medicine, acupuncture and 


rehabilitation medicine, the fields of pharmacology, life sciences, medicinal chemistry and 


other related research areas are warmly welcome. 


Tel: +86(020)39358219 
+86(020)39356028 
Email: rch@gzucm.edu.cn 


Scan and find 
more information 


—- 
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THE FIRST AFFLIATED HOSPITA. OF GUANGZHDJ MEDICAL UNIVERSITY 


The First Affiliated Hospital of 
Guangzhou Medical University Wanted 


he First Affiliated Hospital of Guangzhou Medical 
University is a comprehensive 3A hospital, integrating 
medical treatment, teaching, research, health care, re- 
habilitation and pre-hospital care together. It harbors 
Guangzhou Institute of Respiratory Disease, Guangdong key labo- 
ratories on orthopedic technique and implant materials and Guang- 


dong key laboratories on urology. 


The First Affiliated Hospital of Guangzhou Medical University 
situated at Pearl River, western to Haizhu square. The Haiyin 
Branch of First Affiliated Hospital of Guangzhou Medical Univer- 
sity located in the south banks of the Pearl River, southern to the 
Haiyin Bridge. Over 1500 ward beds are available here, serving 37 
clinical departments, 18 medical laboratories. The hospital owns 
over 3300 staffs, including | member of Chinese Academy of 
engineering, 80 experts with outstanding contribution to the state 
council or province and municipality levels, over 550 senior pro- 
fessionals and over 2600 professionals & technical staffs. 


As an affiliated hospital of a university, we focus on professional 
training as well as discipline construction. We have 6 national clin- 
ical key specialties: respiratory medicine, thoracic surgery, urinary 
surgery, intensive medicine, allergology, and oncology; | state key 
discipline of internal medicine (respiratory disease); 1 national key 
specialty of drug administration bureau (lung disease treated by tradi- 
tional Chinese medicine combined with western medicine); | national 
key laboratory (state key laboratory of respiratory diseases); 21 pro- 
vincial clinical key specialties: respiratory medicine, thoracic surgery. 


Positions 
e Chair of academic\clinical department 
Qualifications :Doctors Degree and Senior pro- 


fessionals 


e Clinical Doctor 

Cardiology, Urology, Neurology, Cardiovas- 
cular, Anesthesiology, obstetrics, respiratory, 
Allergy, ICU, Thoracic, Paediatrics, ER, ENT, 
Ophthalmology, Ultrasonography, Pathology, 
CT\DR, Radiotherapy, Oncology, Urology 
Qualifications, Doctors Degree 


e Research Fellow\ Postdoctor Fellow 
Qualifications, Doctor degree 


What we offer: 


Research fund, Annual pay, Housing allowance 


Please send us your resume in both English and 
Chinese with a copy of your academic diploma. 
Email: rspxkgyfyy@126.com 

Tel: 86-020-83062928 


HUNAN UNIVERSITY 
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HUNAN 
UNIVERSITY 


Ancient Millenarian Academy, Famous Centennial University 
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Learn More And Join Us 


Email:job@hnu.edu.cn 


Tel:+86-731-88822723 
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iangtan University (XTU), located in the hometown of Chairman Mao Zedong, was established 

in 1958. And the great leader Mao Zedong initiated the university’s establishment, inscribed the 

name of the university, and bade university administrators to “do their best to make a success of 

it”.Now XTU has a comprehensive range of academic disciplines covering 9 categories includ- 
ing literature, history, philosophy, science, engineering, economics, management, law, and art. Of all the 
disciplines, four (chemistry, materials science, engineering, and mathematics) have ranked among the top 
1% of the global universities and research institutions on ESI, and seven have entered the ShanghaiRank- 
ing’s Global Ranking of Academic Subjects 2019. Besides, XTU ranks 43rd among Chinese universities 
in the Times Higher Education (THE) World University Rankings 2019, and it is one of the few univer- 
sities in China listed in both the THE World University Rankings and the US News Global University 
Rankings. 


XTU has long been holding the developmental philosophy of “talent strategy”, and is committed to build- 
ing a greater platform for talented staff. And we sincerely invites talented, driven candidates to join us, 


and together to create a glorious future. 


Subject Areas for Recruitment: philosophy, theoretical economics, applied economics, law, political sci- 
ence, Marxist theory, Chinese language and literature, journalism and communication, foreign language 
and literature, Chinese history, world history, mathematics, physics, chemistry, statistics, mechanics, 
mechanical engineering, material science and engineering, power engineering and engineering thermal 
physics, electrical engineering, electronic science and technology, information and communication engi- 
neering, control science and engineering, computer science and technology, civil engineering, chemical 
engineering and technology, environmental science and engineering, management science and engineer- 


ing, business administration, public management, and library information and archive management. 


Professional Title and Education Requirement: The candidates are expected to hold associate professor- 


ship or above. Or they should have a PhD degree. 


Contact Person: Mr. Chen; Ms. Zhang 
Tel: (+86) 073 1-58292074 i 4 dd WwW i 
E-mail: rcb@xtu.edu.cn Fr T 
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Introduction of 


Changsha University of 
Science and Technology 


oasting of a history of over 60 years, Changsha 
University of Science and Technology (CSUST) 
evolves into an engineering-centered multidiscipli- 
nary university, integrating engineering, science, 
management, economics, liberal arts, law, philosophy, and 
fine arts with a stronghold in undergraduate education and a 
capacity of post-doctoral science and research workstations, 
conferment of Doctor's Degree and recommendation of 
postgraduates for Master's Degree. The university is honored 
with “basic capacity-building project college/university in 
the central and western regions”. It is also acknowledged as 
one of top tier construction universities in Hunan (Type A). 


With over 60 years of development, the university has ac- 
cumulated a culture with the core value "erudition, practice, 
integrity and innovation" and in particular, "Pave Stone 
Spirit". Since the establishment of the university, more than 
400,000 senior professionals have been trained in transpor- 
tation, electricity, water engineering, light industry and other 
sectors for regional economic and social development. 


It is located on Jinpenling and Yuntang campuses, with an 
area of around 200 hectares and a total floor space of 1.2 
million square meters. The university has a collection of 
more than 3.5172 million printed books, 800.26 thousand 
copies of eBooks, and 956 kinds of Chinese and foreign 
academic journals. The university has a science search sta- 
tion in accordance with the Ministry of Education standard 
and a power science search station of the China Electrical 
Engineering Society. It is also a alliance member of China 
University Intellectual Property Info Service Center. 


The university has 19 teaching faculties, an independent/ 
affiliated college and a continuing education faculty. It has 
a total of 69 undergraduate majors. The university has 6 key 
disciplines that have been included in part of the plan to 
construct top tier university in the Hunan region. The engi- 
neering subject has ranked among top 1% of ESI worldwide. 
It has 5 post-doctoral workstations, 6 primary disciplines 
and 33 sub-disciplines for doctoral degrees, 25 primary dis- 


ciplines for master’s degrees. There are more than 39,000 
full-time registered students, among which around 5,600 are 
doctoral or master students. 


Upholding the strategy of Talent First, the university is 
staffed with 1986 full-time teachers, among whom, 313 pro- 
fessors and 657 associate professors; one accredited acade- 
mician of the Chinese Academy of Engineering (CAE) and 
two other CAE academicians that hold concurrent posts in 
CSUST. Nearly 300 talents are included in the talent project 
candidates on provincial and ministerial level. 


In recent five years, the university has won 30 provincial 
awards for teaching achievements, 5 national science and 
technology advancement awards. The university has engaged 
in over 388 national projects, with a number of 774 service 
invention patents authorizations. 


CSUST adheres to the open education initiative by estab- 
lishing international exchange and cooperation with world 
partners. We have established exchange and cooperation 
with some 70 institutions of higher learning and research in- 
stitutions from more than 20 countries or regions. 


To cater to the growing development of the university, we 
are reaching out for outstanding Ph.D. graduates and capable 
talents of all kinds to join with us. The university has im- 
plemented the "Huxiang Scholar" talent plan, with tailored 
posts open on three levels in six categories. We offer com- 
petitive salary and incentives, we render scientific research 
support, and we provide housing subsidies and talent back- 
up services. We sincerely welcome outstanding talents of all 
kinds from home and abroad to join this course with us. 


Reach us via the following contacts: 
Tel: (+86) 0731-85258354 

Email: cslgzhp@126.com 

University official website: 
www.csust.edu.cn 


Scan the QR code to app 
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Clinical Research at the 
Xiangya Hospital of 
Central South 

— University 


he Xiangya Hospital of Central South University is recruiting talents from all over the world with competitive salaries and benefits. The goal 

is to establish a national-level regional medical center and a top research hospital with international influence. 

Xiangya Hospital, Central South University, is one of the top general hospitals in China. It was founded in 1906 by Yale-China Association. 

The hospital has long enjoyed the reputation of “South Xiangya”, which indicated the best hospital in southern China. The hospital has 3,500 
in-patients beds, 88 clinical departments, serving more than 100 million patients annually. The hospital advocates for clinical research and provides 
decent funding for disciplines construction, and scientific and technological innovation every year. Welcome to join us! 


An Innovative Closed-loop Research & Implementation Model for Skin-health (chenxiangck@126.com) 

In line with the "Healthy China Action Plan” to move from disease treatment to health improvement and disease prevention in 
2019, Dr. Xiang Chen and his dermatology group in Xiangya Hospital, Central South University, has already been advocating for 
and practicing “multi-facet skin-health research & implementation” for years. 

“Our mission is not only to translate innovative basic research to effective clinical applications, but also to integrate population- 
level evidence and campaign to improve skin-health among Chinese population,” said Dr. Xiang Chen, who also is the vice 


Z president of Central South University, “equipped with diverse talents from basic science, translational research, clinical practice, 
public health and information-engineering, our team has established a closed-loop research & implementation model for skin-health.” 

Chen’s team, consisted of three independent research institutes, has committed to three major skin conditions: skin tumors, psoriasis, and skin allergies 
for over 20 years. In basic/translational research, the team has received over 50 grants and 30 patents and produced over 100 high-impacted articles. 
In clinical practice, the use of health-care big-data and comprehensive follow-up systems has been integrated into their numerous clinical research 
projects since 2006. Furthermore, the team launched four prospective cohorts aiming to answer the epidemiological changes of skin disease in China. 
Supported by two international grants, the team also helped to train primary care practitioners (PCPs) for essential dermatological skills besides 
epidemiological surveys. Chen’s team developed the first dermatology internet hospital in China in 2018 to serve as a platform for teledermatology, 
e-training system, and the network for PCPs, which has accelerated the process of promoting the general skin health in China. 


From Bench Side to Bedside: Prevention and Treatment of Osteoarthritis (lei_guanghua@csu.edu.cn) 

Osteoarthritis (OA) is the most common joint disorder that represents a major socioeconomic burden worldwide; however, no 

disease-modifying strategies have been proven useful to date. 

Guanghua Lei, the president of Xiangya Hospital, Central South University, deputy director of National Clinical Research Center 

1 of Geriatric Disorders, and director of Hunan Key Laboratory of Joint Degeneration and Injury, has long been committed to the 
pathogenesis, treatment and prognosis of OA. Lei’s team has conducted two large-sample and population-based cohorts with 


comprehensively collected biological samples to explore the etiology and risk factors of OA. Also, sophisticated platforms for the 
establishment, intervention and detection of cell/animal models have been constructed to investigate the pathogenesis of OA and develop new disease- 
modifying drugs and biomaterial-based therapies. In addition, they have done several big data researches on OA-related pharmacoepidemiology as 
well as health policies and have conducted several randomized controlled trials. 

In recent years, Lei’s team discovered that tramadol prescription may be associated with increased all-cause mortality compared with commonly 
prescribed nonsteroidal anti-inflammatory drugs (NSAIDs). They also compared the efficacy and safety of topical NSAIDs and found that topical 
NSAIDs are effective to reduce pain and improve function in OA without increasing local or systemic adverse effects. “We expect preemptive 
prevention, medical diagnosis and treatment in preclinical OA to improve the quality of life for people worldwide,” said Guanghua Lei. 


Cross Talking between Bone Metabolism and Glucose Metabolism (xianghangluo@hotmail.com) 

Endocrine Research Center and Endocrinology Department of Xiangya Hospital of Central South University is a young and 
energetic clinical research team. This team is led by Prof. Luo Xianghang, and the Chief PI is Dr. Li Changjun. Luo’s team 
focuses on the pathogenesis and prevention of metabolic endocrine diseases, and has achieved excellent results in the areas of 
osteoporosis and diabetes. The research team has cloned causative genes of metabolic bone disease, and proposed the mechanism 
of bone-derived exosomes regulating insulin resistance. In modern society, the impact of population ageing becomes more and 


more apparent. Diabetes and osteoporosis have become the two major aging-related diseases, incidence rates continuing to rise 
globally. “Life lies in movement. As the biggest moving organ, bone makes body more active by regulating organism metabolism. We are committed 
to discovering the endocrine mechanism of cross talking between bone and glucose metabolism, and exploring new targets and drugs effectively 
preventing osteoporosis and diabetes.” explained Luo Xianghang, “We can take advantage of data from clinical patients to obtain meaningful results, 
and find the mutual regulation mechanism between bone and glucose metabolism, thus improving clinical outcomes.” 

“We warmly invite outstanding scientific researchers to join our team, and work together to contribute to the prevention and treatment of diabetes, 


obesity and osteoporosis.” Said Xianghang Luo. 
ADVERTISEMENT 


SJTU Global Recruiting Program 


hanghai Jiao Tong University (SJTU) is one of the higher 

education institutions which enjoy a long history and a 

world-renowned reputation in China. Through some 120 
years' unremitting efforts, SJTU has become a comprehensive, 
research-oriented, and internationalized top university in China. 


SJTU now has 30 schools/departments, 31 research institutions, 
13 affiliated hospitals, with around 50,000 students and over 
3,000 full-time teachers, including the leading number of aca- 
demic masters such as academicians of the Chinese Academy of 
Sciences and the Chinese Academy of Engineering, candidates 
for overseas talent programs and winners of National Outstand- 
ing Youth Fund among institutes of higher education in China. 


Today SJTU has 67 undergraduate programs, 42 first-level 
disciplines authorized to offer doctorate degree, 57 first-level 
disciplines authorized to offer master degree. According to 
Thomson Reuter's Essential Science Indicator (ESD, SJTU has 
19 disciplines listed World Top 1%, with 6 disciplines ranking 
World Top 0.1% and Engineering ranking World Top 0.01%. 
In 2019 QS World University Rankings by Subject, SJTU has 
25 subjects ranking World Top 100, of which 10 subjects rank 
World Top 50. By the year of 2018, SJTU has led the country 
for the 9th consecutive year in terms of both the project number 
and the amount of money issued by National Natural Science 
Foundation of China. SJTU also ranks No.1 among all Chinese 
universities in the total number of published SCI papers and 
China excellent highly-cited papers. 


Shanghai Jiao Tong University, carrying the mission of preserving 
cultural heritage, and seeking for the truth, bearing the responsibili- 
ty of invigorating the Chinese nation and developing for the benefits 
of mankind, today this centennial university is sailing for the aim of 
becoming a comprehensive, research-oriented and internationalized 
world-class university. SJTU will provide free academic environ- 
ment, strong research support and competitive compensation pack- 
age for the talents. SJTU, your stage to becoming academic master! 


Recruiting Position 
Chair Professor/Distinguished Professor/Tenured Professor/ 
Chief Researcher/Tenure-track Associate Professor 


Work and Life Treatment 

(1) Remuneration: With reference to the corresponding positions 
in the world’s top universities, selected candidates will be pro- 
vided with competitive remuneration and welfare benefits; 

(2) Doctoral Students: A guaranteed number of doctoral students 
to be enrolled each year; 

(3) Start-up Fund: Negotiable according to actual research demand; 
(4) Housing: Assistance will be given in solving housing prob- 
lem with furnished interim apartment provided; 

(5) Healthcare: Health service will be provided depending on 
medical resources from 13 affiliated hospitals; 

(6) Children’s schooling: Children of pre-school and compul- 
sory education age can be arranged to attend kindergartens and 
schools affiliated to SJTU. 
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To Meet in Shandong for a 
Win-win Future 


enefiting from its long history and outstanding culture, Shandong Province, the hometown of Con- 

fucius and Mencius, is well-known around the world for “One Mountain, One Water & One Sage”, 

as Confucius was born here, Mount Tai rises here, and the Yellow River flows into the sea here. En- 

tering the new era, Shandong Province has been implementing the new development concept and 
undergoing a complete system remolding in the quality, structure, system, mechanism and development envi- 
ronment, showing a new vitality of innovation, and ushering in an unprecedented opportunity for innovation, 
entrepreneurship and creation. 


At present, the higher education in Shandong Province 
is at a crucial stage of accelerating "Double First-Class" 
Deng Yunfeng 
Director-General of 
Shandong Provincial 
Education Department 


initiative and comprehensively promoting high-quality 
development. We have clear tasks and goals, which are 
to deepen the reforms, open wider to the outside world, 
strengthen the distinctive features and focus on the pri- 
orities, and in about 10 years, 2-3 colleges and universi- 


ties can reach the world first-class level in a number of 
fields, around 20 can reach the domestic first-class level in the same type of colleges and universities, around 
40 disciplines can reach the domestic first-class level, and the number of high-level talents can be doubled. 
Therefore, we are committed to building a high-level development platform. In 2019, we established Nishan 
World Center for Confucianism Studies and are preparing to construct the Rehabilitation University; There 
are 53 first-class disciplines in our 146 universities; 6 universities get into Top 100 of ESI on comprehen- 
sive ranking of Chinese universities; 72 disciplines in 21 universities enter Top 1% of ESI. We’re striving 
to increase the supply of effective institutions and provide more high-quality talent support policies, relaxed 
scientific research environment, comfortable living conditions and complete service system. With the unique 
personality of honesty and hospitability, people in Shandong are trying their best to provide more dream pur- 
suers with the stage of innovation and entrepreneurship to achieve their success. 


Welcome to make win-win progress in Shandong Province, the “Dream Factory” in the new era of high-qual- 
ity development. Let’s sow the seeds of cooperation, reap the fruits of common development and create an 
eyen brighter future together! 
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Science and education integration 
creates a fertile ground of innovation 


“Shandong First Medical University aims to build up 
an application- and research-oriented university which 
will rank the first-class in China and exert an impor- 
tant influence in the world.” Jinxiang Han, executive 
deputy secretary of Shandong First Medical University 
said. In February 2019, Shandong First Medical Uni- 
versity was formally established by integratingTaishan 
Medical University, Shandong Academy of Medical 
Sciences, Shandong Provincial Hospital, Shandong 
Provincial Qianfoshan Hospital, and other high-level 
institutes.Shandong First Medical University is one of 
the government’s key construction projects, and the 
largest medical scientific research institution in Shan- 
dong Province. 


Jinxiang Han said, “The university has several- 
high-level interdisciplinary teams led by 5 acade- 
micians of the Chinese Academy of Engineering. It 
has over 40 series of high-level innovation platforms 
including the National Key Laboratory Construction 
Base co-sponsored by province and ministry, the Key 
Laboratory of National Health Commission, and the 
Provincial Key Laboratory. There are 13 affiliated 
hospitals, including 9 first-class tertiaryhospitals.” At 
present, the university is building a first-class sci-tech 
innovation center in China, and hasinvested RMB235 
million to support 67 research teams and innovation 


platforms which areguidedby academician,leader and 
potentialtalents. The ultimate goal is to establish a 
comprehensive system for disease diagnosis and con- 
trolbased on Shandong characteristics. According to 
the latest ESI indicesannouncedin November, three 
disciplines of clinical medicine, pharmacology and 
toxicology, biology and biochemistry of Shandong 
First Medical University have ranked Top1%globally. 
In the ESIcomprehensive’sstrength ofthe universi- 
ties of Chinese mainland, Shandong First Medical 
University ranks the 90th, as well as the 13th among 
the independent medical universities in the country. 
The clinical medicine discipline has been rankedthe 
top 1% of the ESI world for six consecutive years, and 
ranks 714thworldwidely.” 


The rapid development of Shandong First Medical 
University provides a brand-new business platform 
for people with lofty ideals. Jinxiang Han said, “Shan- 
dong First Medical Universityis eagerly seeking 
high-leveltalents with open minds with world-class 
and highly competitive remuneration. We also provide 
considerate and personalized services in accommoda- 
tion, children's education, medical services, and other 
living facilities. The talents can dive into research and 
grow rapidly here.” 


ADVERTISEMENT 
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Northeast Forestry University 
Invites Excellent Talents at Home and Abroa 


stablished in 1952 and located in 

Harbin — the beautiful “Ice City”, 

Northeast Forestry University is in 

national “211 Project” directly under 
the Ministry of Education of the People’s Re- 
public of China and key construction projects 
of “Advantage Discipline Innovation Platform”. 
It is a multidisciplinary university integrating 
agriculture, science, industry, economics, man- 
agement, culture, law, medicine and art with 
forestry science as its advantage and forestry 
engineering as its feature. 


I. Recruitment of high-level talents 
Relevant support policies for talents 

NEFU vigorously implements the “5211” talent 
introduction plan, and provides a guarantee of 
talent for realizing the grand goal of building 
NEFU into a world-class forestry university 
and comprehensively promoting the construc- 
tion of the “Double First class” university. 

The level and treatment of imported talents 
(house purchase subsidy and personal emolu- 
ment are both pre-tax) are as follows: 


1, Leading Talents or Teams 

Academicians of the Chinese Academy of 
Sciences, academicians of the Chinese Acade- 
my of Engineering, and foreign academicians 
of famous overseas academic institutions; Or 
someone who has obtained important scientific 
research results recognized by domestic and 
foreign counterparts, and has quite strong com- 
petitiveness and wide academic influence in the 
industry. 

Remuneration: it depends on the talents’ condition 


2. Distinguished Young Scholars 

Scholars with a PhD who have published 
high-level academic papers in the top academic 
journals in the field; Outstanding young schol- 
ars at home and abroad who have the potential 
to get awards of talent programs such as Re- 
cruitment Program of Global Experts, National 
Science Fund for Distinguished Young Schol- 
ars, Changjiang Scholars Program, Young over- 
seas high-level talents introduction plan, and 
National special support program for high-level 
talents, etc.; Scholars with a title at or above the 
level of associate professor from well-known 
overseas universities, or researchers with the 
same title as those from overseas well-known 
research academy (institute). 


Remuneration: Appointment as professor; 
Annual salary system, starting from RMB 
300, 000 a year, Subsidies for house purchase 
starting from RMBS500, 000. Start-up funds for 
scientific research in natural science and ac- 
quisition expenses of equipment starting from 
RMB 2, 000, 000, Start-up funds for scientific 
research in humanities and social science start- 
ing from RMB 300, 000. 


3. Excellent Young Scholars 

Scholars with a PhD who have published 
high-level academic papers in the influential ac- 
ademic journals in the field; Outstanding young 
scholars at home and abroad who have the poten- 
tial to get awards of projects such as Provincial 
Science Fund for Distinguished Young Scholars, 
Longjiang Scholars and Provincial Outstanding 
Young and Middle-aged experts, etc. 
Remuneration: Appointment as professor or 
associate professor; House purchase subsidies 
are from RMB 150, 000 to RMB 300, 000; 
Start-up funds for scientific research in natural 
science and acquisition expenses of equipment 
range from RMB 300, 000 to RMB 1, 000, 000; 
Start-up funds for scientific research in human- 
ities and social science range from RMB 100, 
000 to RMB 300, 000U Implementation of the 
national wage and school allowance standard 
and additional post subsidy RMB 1000 per 
month in the first 2 years during the first em- 
ployment period. 


4. Young Backbone 

A doctorate holder who is from a well-known 
university at home or abroad or who has been 
engaged in teaching or scientific research in a 
well-known academic institution at home or 
abroad for more than 3 years. Young backbone 
who has published high-level academic papers 
in the outstanding academic journals in the 
field, who has the ability to obtain the National 
Natural Science Foundation or the National 
Foundation for Philosophy and Social Sciences, 
and who has great development potential in 
academic and scientific research, etc. 
Remuneration: Appointment as associate pro- 
fessor or lecturer; House purchase subsidies are 
from RMB 80, 000 to RMB 150, 000; Start-up 
funds for scientific research in natural science 
and acquisition expenses of equipment range 
from RMB 150, 000 to RMB 300, 000; Start- 
up funds for scientific research in humanities 


ljanaaniiig 
Jddddagaaag 


a 


d ® g ab ae KF 


and social science range from RMB 50, 000 to 
RMB 100, 000 Implementation of the national 
wage and school allowance standard and addi- 
tional post subsidy RMB 1000 per month in the 
first 2 years during the first employment period. 


5. Excellent Young Teachers 

The excellent young teacher whose moral 
quality is high, with outstanding achievements 
and good academic development potential. The 
first degree should be a full-time undergradu- 
ate degree from a well-known university, and 
applicants should possess a doctoral candi- 
date education background and a degree at a 
non-equivalent education level; A non-foreign 
language teacher should be proficient in a for- 
eign language, and a foreign language teacher 
should reach level 8 of a professional foreign 
language. In principle, doctoral education back- 
ground and degree are required. 
Remuneration: The position of appointment 
shall be executed in accordance with the rele- 
vant documents; Implementation of the national 
wage and school allowance standards; House 
purchase subsidies are RMB S50, 000; Start-up 
funds for scientific research in natural science 
range from RMB 50, 000 to RMB 150, 000; 
Start-up funds for scientific research in human- 
ities and social science range from RMB 30, 
000 to RMB 50, 000. 

NEFU recruits the flexible talents, and the 
treatment of flexible talents depends on the cir- 
cumstances. 


Contact Information 

Zhang Ran (Tel: +86-0451-82191327) 
Chen Lijun (Tel: +86-0451-82192089) 
Please submit your resume to 
nefumoe@vip.163.com 


IL Recruitment of Full-time postdoctoral 
Someone who high moral quality, outstanding 
achievements and good academic development 
potential, and could do full-time post-doctoral 
research in our university. Received a doctorate 
from a well-known university or research in- 
stitution at home and abroad, and the doctoral 
time is generally no more than 3 years. 


Contact information 

Bai Xiaoting (+86-0451-82192070) 
Please submit your resume to 
nefubgb@nefu.edu.cn 
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Sincerely invite talents from all ov 
vorld to create a bright fata ure 


Zhejiang Ocean University 2020 High-level Talents Recruitment Announcement 


ounded in 1958, 
Zhejiang Ocean 
University (ZJOU) 
is a research and 
teaching type university 
with marine characteristics 
jointly built by the Ministry 
of Natural Resources and 
People’s Government of 
Zhejiang Province. ZJOU 
consists of 10 schools, 1 
independent college and 
the teaching and research 
institutions such as Zhe- 
jiang Marine Fisheries 
Research Institute, etc. It 
is the construction unit 
of “International Char- 
acteristic University” of 
Zhejiang Province and has 
a sino-foreign cooperative 
school— ZJOU Pisa Ocean 
Graduate School. The 
university has 9 provincial 
first-level disciplines, of 
which Fisheries ranked the 
third and Marine Science 
the fourth in Soft Science 
China’s Best Discipline 
Ranking of 2018. It has 9 
discipline master’s degree 


programs, 5 professional 
master’s degree programs 
as well as the equivalent 
master’s degree programs. 
ZJOU offers 48 undergrad- 
uate programs, including 2 
state-level specialties, and 
21 are among the list of 
dominant and characteris- 
tic specialties in Zhejiang 
Province. ZJOU boasts 10 
dual-employed academi- 
cians, 35 national experts 
(honored as National Dis- 
tinguished Experts, Experts 
Awarded the State Council 
Special Allowance) and 
80 provincial talents as 
well. In the past five years, 
ZJOU has won 3 second 
prizes of the National 
Science and Technology 
Progress Award, including 
2 of them as the first com- 
pleted units. It has built 
national research platforms 
such as the National Re- 
search Center for Marine 
Facility Aquaculture En- 
gineering and Technology, 
the National-Local Joint 


Engineering Laboratory of 
Exploitation and Utiliza- 
tion of Marine Biological 
Germplasm Resources, the 
International Science and 
Technology Cooperation 
Base of Marine Areas, 

etc. ZJOU has 2 maritime 
research vessels, of which 
“Zhehaike No. 1” has be- 
come one of the National 
Maritime Research Vessels. 


“A good wind makes the 
right time to set sail.” Party 
Secretary of ZJOU — 
Xiaojun Yan (IEAS Acad- 
emician; Science and Tech- 
nology Innovation Leading 
Talent of National “Ten 
Thousand Project” ) to- 
gether with the President of 
ZJOU — Jianmeng Chen 
(Innovative Team leader of 
“Changjiang Scholar and 
Innovative Team Develop- 
ment Project” of the Minis- 
try of Education”; National 
Talent of “New Century 
Hundred-Thousand-Ten 
Thousand Talents Pro- 


gram” ) warmly welcome 
your arrival! 


Key required disciplines 
Marine science,Fisheries,- 
Food science and Engi- 
neering,Naval Architecture 
and Ocean Engineering,- 
Mechanical Engineer- 

ing, Transportation Engi- 
neering,Port and Coastal 
Engineering,Hydraulic 
Engineering,Oil and Gas 
Engineering, Mathemat- 
ics, Computer Science and 
Technology,Environmental 
Science and Engineering, 
Business Administration, 
Education and other related 
disciplines. 


CONTACT: 

Telphone: 0580-2550017 (Ms. 
Dong, Ms. Xu) 

E-mail: rsc@zjou.edu.cn 
Website: www.zjou.edu.cn 
Address: No.1, Haida South 
Road, Lincheng Dinghai 
District, Zhoushan, Zhejiang 
Province 

Zip code: 316022 
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Introduction to Fujian Medical University (Fsmv) 


ujian Medical University (FJMU) was founded 
in 1937 and is currently located in Fuzhou, the 
capital city of Fujian Province. It belongs to 
the list of “Establishment of Double First-Rate 
Universities in Fujian” and has been ranked 17th 
of “2019 Best Medical Universities in China” according to 
Shanghai Ranking Consultancy. 


FJMU consists of two main campuses, occupying an area of 
1,500 acres. It has 21 colleges/divisions and offers 27 dif- 
ferent undergraduate majors. There are over 11,400 faculty 
members and medical staff (including affiliated hospitals), 
1,574 of whom are full-time teachers including 491 profes- 
sors, 578 associate professors and 330 national or provincial 
high-level talents. of note, 42.31% of the full-time teachers 
have doctorate degrees. There are more than 16,000 full- 
time students in the University. FIMU has 6 affiliated hos- 
pitals, 5 clinical medical schools, 15 non-administratively 
affiliated hospitals, 23 clinical teaching hospitals and 94 
professional practice teaching bases. It cooperates with more 
than 120 national or overseas universities and research insti- 
tutions at multi-disciplinary and multi-dimensional levels. 


Since its founding FJMU has cultivated and delivered more 
than 150,000 talents for the nation and local communities, 
and many alumni have become the leaders and backbones of 
the medical and health system in China, especially in Fujian 
Province. FJMU is committed to building influential and 
high-level discipline and research platforms. There are 6 first- 
class and doctorate-conferring disciplines that include Clini- 
cal Medicine, Basic Medicine, Dental Sciences, Public Health 
and Preventive Medicine, Pharmacy, and Nursing; 2 specialty 
doctoral degree programs in Clinical Medicine and Dental 
Sciences respectively; 8 first-class and master degree-confer- 
ring disciplines; 6 specialty master degree programs. There 
are also 2 postdoctoral training programs in Clinical and 


Basic medicine, 4 post-doctoral work stations, and 3 acade- 
mician work stations. The total number of medical doctorate 
programs in FJMU ranks 8th among the nation’s independent 
medical schools (including military medical colleges). Clini- 
cal Medicine program in FJMU has been ranked top 0.3% by 
Essential Science Indicators (ESI). 


FJMU has 64 provincial or ministerial-level scientific re- 
search platforms, such as the National Collaboration Center in 
Immuno-Oncology, Key Laboratory of Ministry of Education 
for Gastrointestinal Cancer, Fujian Center for Safety Evalua- 
tion of New Drugs, Fujian Provincial Center For New Drug 
Development, Key Laboratory of Fujian Province, Key Lab- 
oratory of Universities in Fujian Province, Special and Novel 
Intelligent Library for Fujian Universities. Since 2016, FIMU 
has undertaken more than 3,200 scientific research projects 
funded by various resources, published more than 3,900 SCI 
papers and has been granted 95 national invention patents, 
obtained 75 awards including the Chinese Medical Science 
and Technology Award, Fujian Province Science and Technol- 
ogy Progress Award, Fujian Medical Science and Technology 
Award (The above information is updated to August of 2019). 


We sincerely welcome overseas scholars to visit us and 
carry out academic exchanges. Should you have interest, 
please feel free to contact us and we may cover some travel 
expenses allowed by the University policy. 


Contacts: 
Ms. Zeng, Ms. Wang 
Tel: 86-0591-22862961 


E-mail: fmuszk@mail.ffmu.edu.cn or 123328705@qq.com 
Website: www.fjmu.edu.cn 

Address: 1 Xuefu North Road, University Town, Fuzhou, 
Fujian, P.R.C. 


anchang Hangkong University 
(NCHU) is an institution of higher 
learning jointly built by People’s 
Government of Jiangxi Province 
and State Administration of Science, 
Technology and Industry for 
National Defence, staying 
committed to build- 
ing a distinctive and 
high-level university 
ranking first-class 
in the province and 
nationally renowned. 
Founded in 1952, 
NCHU is one of the 
: . ee a 
first-batch universities % 


of provincial government, candidates for 555 
Ganpo Talents Program of Jiangxi Province, 
specially-employed professor of Jinggang 
Scholar Program, technological leaders in ma- 
jor academic disciplines of Jiangxi Province, 
candidates for the Double-thousand Program 
of Jiangxi Province, candidates for Youth 
Jinggang Scholar Program, renowned 
teachers of Jiangxi Province, candi- 
dates for Young Scientist Cultiva- 
tion Program of Jiangxi Province, 
candidates for Cultivation Program 
of Outstanding Youth, candidates for 

‘ Cultural Famous Masters of Jiangxi 
‘Province, leading talents in philosophy 
XN?” of Jiangxi universities and colleges, ac- 


entitled to award bachelor’s “ipal. Luo sne™ ademic leaders in culture and art of Jiangxi 


degree in China, entitled to award 
master’s degree in 1990 and recognized as 
the to-be institution for the program construc- 

tion of doctoral degree in 2009. 

NCHU currently has more than 2,000 faculty 
members, among which over 1,500 faculty 
members are full-time teachers, including 
1,300 teachers having doctoral or master’s 
degrees, accounting for 92% of the total 
full-time teachers. NCHU has more than 30 
doctoral supervisors, over 60 master’s super- 
visors, 7 double-employed academicians from 
Chinese Academy of Sciences and Chinese 
Academy of Engineering and 30 state-level 
talents including the winner of the National 
Science Fund for Distinguished Young Schol- 
ars, leading talents in scientific and technolog- 
ical innovation of National Thousand Talents 
Program and National Ten-thousand Talents 
Program, candidates for National Millions of 
Talents Program, the winner of the Science 
Fund for Outstanding Youth, candidates for 
the Hundred Talents Program of 
CAS, talents enjoying the special 
government allowance of the 
State Council, national out- 
standing teachers, young and 
middle-aged leading talents in 
scientific and technological inno- 
vation of the Ministry of Science and 
Technology, candidates for the New Century 
Excellent Talent Supporting Program of the 
Ministry of Education, Master of Chinese Arts 
and Crafts, etc. NCHU also has 322 prov- 
ince-level talents, including candidates for the 
Millions of Talents Program of Jiangxi Prov- 
ince, talents enjoying the special allowance 


Province, academic leaders at provincial (min- 
isterial) level, young and middle-aged core 
teachers at provincial (ministerial) level, etc. 

Since the 12th Five-year Plan, members of 
NCHU have published nearly 9,000 articles 
in the academic journals at home and abroad, 
including 3,095 articles included in docu- 
ment-retrieval systems SCI, EI and ISTP and 
280 articles included in CSSCI document-re- 
trieval system. 1433 patents of NCHU have 
been authorized as the national patents, 
including 666 patents of invention, 209 
published works and 274 textbooks. NCHU 
has received the approvals of | program of 
National Science Fund for Distinguished 
Young Scholars, 2 programs of Fund for Out- 
standing Youth, 392 programs of the national 
natural science funds of other kinds and 30 
programs of the National Social Science 
Fund of China. NCHU is also responsible for 
more than 20 programs including the major 
bidding program of the Ministry of Educa- 
tion in philosophy and social sciences, the 
general program of the Ministry of Education 
in humanities, educational and technological 
programs, excellent talents programs, etc., 
undertaking and participating in nearly 20 
programs including national science and 
technology major projects (and sub-projects) 
and sub-projects of “973 Program” and “863 
Program”, and is in charge of over 200 pro- 
grams for national defense research and more 
than 1,000 programs at provincial or minis- 
terial level, including the science and tech- 
nology major projects of Jiangxi Province. 
NCHU has been awarded | National Prize 
for Progress in Science and Technology (par- 


ticipating) and | Third Prize for Outstanding 
Achievements in Humanities and Social 
Sciences Research in Chinese Universities. 
116 awards at provincial or ministerial level 
have also been awarded to NCHU. Prof. 
Luo Shenglian was awarded the Prize of HO 
LEUNG HO LEE Foundation for Innovation 
in Science and Technology in 2012 and was 
listed in the Highly-cited Researchers for 2 
consecutive years. The disciplines of NCHU, 
including material science, engineering sci- 
ence and chemistry has ranked in the top 1% 
of ESI global ranking, entering the ranks of 
international high-level disciplines. 


Talent Demand 

Doctors in hylology, materials science and 
engineering and related majors, and doctors 
in universities (research institutions) of aero- 
nautics and astronautics are preferredDoctors 
in majors related to machine manufacturing, 
Doctors in majors related to aero-engine, 
Doctors in majors related to aircraft design, 
Doctors in majors related to 

aeronautical maintenance, 

Doctors in majors relat- 

ed to flight technolo- 
gy (aviator), Doctors 
in majors related to 
traffic engineering 
or masters with sen- 
ior professional title, 
Doctors in computer 
science and technol- 
ogy, control science and 
engineering, information and 
communication engineering, and other relat- 
ed majors, Business administration, industrial 
engineering, management science and engi- 
neering, economics, accounting, Doctors in 
Att, philosophy (aesthetics). 


Introduction Method 


Full-time introduction, signing employment 
contract with NCHU. 


Contact Method 

Department of Personnel of NCHU 
Teacher Yang, Teacher Chen 

Tel: +0791-83863092, +0791-83863706 
E-mail: hr@nchu.edu.cn 

Website: www.nchu.edu.cn 
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Announcement of Recruitment. 
—ECJTU Welcomes Talents from Home and Abroad 


I. Introduction 

East China Jiaotong University (ECJTU) , as a multi-disciplinary 
teaching-and-research-oriented institution in China, features transpor- 
tation engineering with focus on railway-related disciplines. Dually 
co-constructed by China Railway Corporation and Jiangxi Provincial 
People’s Government, and the State Railway Administration and the 
local government, ECJTU has grown into a provincially key university, 
accredited as a participant to the “Central-western Chinese Universities 
Capacity-building Project” and an institution offering doctoral degree 
programs. ECJTU is now composed of 18 schools, offering a complete 
range of disciplines, including science, engineering, economics, manage- 
ment, literature, law, education, and art. 

At present, the university has nearly 2000 staff and faculty members, 
with 1150 full-time teachers, more than 550 professors and associate 
professors. Meanwhile, it boasts over 160 excellent members receiving 
honorable titles at provincial level and above, like the "Double-hired 
Academicians", specially-appointed professors of the Ministry of Edu- 
cation’s “Changjiang Scholars Program”, winners of the “National Sci- 
ence Fund for Outstanding Young Scholars” under the Natural Science 
Foundation of China, members for the “Ten-Thousand Talent Project” for 
technological and innovative pioneers, awardees for the““Hundred, Thou- 
sand and Ten-thousand Talent Project”,, receivers of the State Council 
Special Allowance, members of “the Program for New Century Excel- 
lent Talents” of the Ministry of Education, the “Young and Middle-aged 
Leading Talents in Science Technology” of the Ministry of Science and 
Technology, “Nationally Excellent Teachers” , "Nationally Excellent Ed- 
ucators" distinguished professors of “Jingangshan Scholars, candidates 
for "Double Thousand Plan" and “the 555 Ganpo Talent Project, etc. One 
group is listed as key innovation team of “Promotion Project for Innova- 
tion Talents”, given by the Ministry of Science and Technology. 

Located in Nanchang City, the capital of Jiangxi Province in China, also 
called “the place of raising military flags” in honor of the establishment 
of People’s Liberation Army there, ECJTU nestles near a mountain, with 
a river running besides and a few lakes dotted inside. Like a wonderful 
landscape with blooming flowers and exuberantly growing trees scat- 
tered here and there, and birds chirping inside at times, the campus is an 
ideal place for teaching, learning and living. Among the school size of 
nearly 3000 mu (200 hectares), the area of buildings of all kinds exceeds 
750,000 square meters. Apart from CNY 404 million valued teaching and 
research equipment, the university also has built its library into a first- 
class Chinese retrieval station for academic journals and documents, with 
a collection of 2.29 million volumes of books and journals, and over 2.33 
million volumes of electronic documents. 

During the Period of 13th Five-Year Plan, the whole staff and all the 
students of the university are determined to keep sailing on the voyage to 
shape the school into a nationally renowned “Jiaotong University” (uni- 
ersity of transport and.communi ) with distinctive features and 


evels (annual salary “arenas 
from RMB 300 thousand to 1.6 million) with correspond- 
ing performance requirements, in order to help high-level Syygds for” 
talents find suitable options. 


Salaries & Benefits 


e suital ie 2 iVas ees 


Management Mr. Han Jdmba@126.com 

School of Arts Ms. Li Yishu@ecjtu.edu.cn 
School of Material Science and Machen Guli@oa@ecitucduen 

Engineering 

School of Physical Education Mr. Hu Tiyu@ecjtu.edu.cn 

—— School of Marxism Mr. liu 337506393@qq.com 
School of Foreign Languages Ms. Xiong Waiyu@ecjtu.edu.cn 
School of Humanities and Social Ms. Wang Sopyeuece wed 

Science 
Seuladl of Software Mr. Xiong 


IV. Research Funding 

The university has greatly increased its reword for marked 
scientific research achievements. Various funds are estab- 
lished to reword or subsidize high-level scientific research 
projects and similar platforms. Special emphasis is laid on 
the rewarding for declaration and approval of the projects Sy y.;4.f5. 

at national level, those of young scholars and other similar Research Funding 
ones, with a sum up to RMB 600,000. 


V. Discipline Platform 

ECJTU runs 3 doctoral programs and 21 master programs 
in the primary disciplines. Transportation Engineering, 
Control Science and Engineering and Civil Engineering 
are the first-class disciplines in Jiangxi Province, and 
4 disciplines are known as the leading ones of Jiangxi Ay scanutc 
Disciplinary Union. ECJTU boasts 35 scientific research Research Platform 
platforms at or above the provincial level, including National and Lo- 
cal Joint Engineering Research Center of Safety Guarantee Technology 
for Operation and Maintenance of Rail Transport Infrastructure, Na- 
tional and Local Joint Engineering Research Center of Fruit Intelligent 
Photoelectric Detection Technology and Equipment, and Engineering 
Research Center of Railway Environmental Vibration and Noise, Minis- 
try of Education. 


VI.Contact Details 


Contact E-mail 


School of Civil Engineering and 


Architecture Ms. Pan Tumu@ecjtu.edu.cn 

School of Electrical and , au 
Automation Engineering Mr. Wei dianqi@ecjtu.edu.cn 
School of Mechatronics& Vehicle Nace eee 


Engineering 


School of Science Ms. Zhou | Lixueyuan@ecjtu.edu.cn 


School of Transportation and 


Logistics Mr. Guo Jiaotong@ecjtu.edu.cn 


School of Information Engineering Ms. Li Xinxi@ecjtu.edu.cn 


School of Economics and 


ruanjian@ecjtu.edu.cn ry 
1s | 


Human Resource Contact: Mr. Jiang 

Email: rscecjtu 

Tel: +86-791-87046804 

Website: www.ecjtu.edu.cn 

Address: No. 808 Shuanggang East Street, Nanchang Economic and 
Technological Development Zone, Nanchang City, Jiangxi Province. 

Zip code: 330013 


Ta 
. nite | a 
Anhti-Normal University warty welcomes 
<falents from Hoime-and Abroad 


nhui Normal University (AHNU) is the earli- 

est institution of higher education established 

in Anhui Province. It is located in Wuhu, a 

state-level open city hailed as “the embodiment 
of Anhui customs and the city of thousand lakes". AHNU 
is a university jointly established by the Anhui Provincial 
People's Government and China’s Ministry of Education, a 
member of National Basic Ability Construction Project of 
Western and Central China, a provincial key comprehen- 
sive university that is given priority by the Anhui Provin- 
cial Party Committee and the Provincial Government, and 
also one of the “Local High-level Universities” in Anhui 
Province. 


The university currently has 8 primary-level disciplines 
authorized to confer doctoral degrees, 6 post-doctoral 
mobile stations, 18 provincial key disciplines, 3 major 
provincial discipline construction projects, and 88 un- 
dergraduate majors. There is a key research institute 
of humanities and social sciences at universities and a 
provincial key laboratory (cultivation) jointly established 
by China’s Ministry of Education and Anhui Province, a 
key laboratory and a center for regional studies approved 
by the Ministry of Education. There are more than 2,380 
faculty members, including more than 1,590 full-time 
teachers, over 330 professors, and 600-odd associate 
professors. 


Position Requirements 

1. High-level talents such as leading talents in their own 
disciplines. 

2. Outstanding doctors from well-known universities at 


we 


home and abroad or outstanding young scholars engaged 
in postdoctoral research. 


Disciplines Recruiting Talents 

1. Liberal Arts: Chinese Language and Literature, Theory 
of Literature and Art, Philosophy, Foreign Language and 
Literature, Journalism and Communication, Law, History, 
Economics, Marxist Theory, Education, Management, etc. 
2. Science: Mathematics, Physics, Chemistry, Geography, 
Biology, Ecology, Statistics, etc. 

3. Engineering: Optics, Materials Science, Computer Sci- 
ence and Technology, Environmental Science and Engi- 
neering, Food Science and Engineering, etc. 

4. The Field of Art: Sports, Design, Art, Music, etc. 


Salary and Benefits 

1. Support funds. Resettlement fees, scientific research 
support funds and other funds will be provided according 
to the university's talent introduction policy. The salary 
and benefits of exceptional talents are determined by the 
"One Person, One Discussion" system. 

2. Spouse placement. For high-level talents, especially 
exceptional or urgently needed doctors, the school will 
arrange their spouses who work in different places in an 
appropriate manner, or give a one-time financial subsidy 
for resettlement. 

3. Education for children. Children from enrolled teachers 
can enjoy the best kindergartens, primary schools and 
middle schools in Anhui Province. 

4. Housing. The university offers relocation houses. 

5. Meanwhile, relevant talent subsidies of Wuhu Munici- 
pal Government will be provided. 


Application Procedures 
1. Please send your resume to ruixh2007@QQ.com. 


2. If there is any ambiguity, you can directly contact the Human Resources Office of Anhui Normal University. 


Contact Person: Mr. Rui; Contact Number: 0553-5910165. 
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GOVERNMENT OF INDIA 
Ministry of Human Resource Development 
(Department of Higher Education) 
Technical Section - I 


Appointment of Director, IIT Bhubaneswar, Director, IIT Patna & Director, IIT Ropar 


Applications are invited for appointment to the post of Director of Indian Institute of Technology (IIT) at Bhubaneswar, Patna 
and Ropar. The Director of an IIT is the academic and administrative head of the Institution. He/she is expected to have a 
minimum of 5 years' administrative experience and leadership qualities to head an Institute of National importance. The 
candidate/person should be a Ph.D. with first class or equivalent at the preceding degree, preferably in a branch of 
Engineering. 

In exceptional cases, candidates with Science, Mathematics or Management degrees may be considered. He/she should 
have an outstanding academic record throughout and a minimum of 

10 years teaching experience as a Professor in a reputed Engineering or Technology Institute or University and should have 
guided Ph.D students. The applicant should preferably be less than 

60 years of age on the last date of receipt of the applications. The post carries a fixed pay of 

Rs. 2,25,000/- (Revised) per month, with allowances as per rules. 

2. Interested individuals may apply giving their detailed resume in the prescribed format clearly bringing out research, 
teaching, industry-academia collaborations and administrative achievements, alongwith a two-page justification in support of 
their candidature, a two-page vision statement for the institution and contact details of at least two distinguished individuals 
well acquainted with their work. The application typed in the prescribed format along with enclosures may be sent by 
Registered/Speed Post to The Under Secretary (TS.1), Department of Higher Education, Ministry of Human Resource 
Development, Room No. 428 "C" Wing, Shastri Bhawan, New Delhi -110 001 so as to reach the Ministry on or before 15" 
January, 2020. The detailed advertisement and the format of application is available on the website (www.mhrd.gov.in) 


International Prize for Biology 


Calling for Nominations 


The 2020 (36th) pa 


» WYOMING 


The 2020's research field: Biology of Environmental Responses Assistant Professor Zoology and Physiology (19004940) 
The Department of Zoology and Physiology at the University of Wyoming 


PIBAS eaten ee cup inn eauOabenalichecpiol invites applications for a full-time tenure-track faculty member in Animal 


Deadline: April 10, 2020 Biology. The position is at the Assistant Professor rank at the University of 


. ; ; . . Wyoming at Casper. We seek candidates with a PhD in the biological sciences 
The International Prize for Biology was established in 1985 to with undergraduate teaching experience that will involve undergraduate 
commemorate the 60-year reign of Emperor Showa and his students in a field/laboratory-based research program using animals to address 
longtime devotion to biological research. fundamental biological questions. The successful candidate will be expected to 
The Prize is awarded each year to an individual who has teach courses in conservation biology, ecology, evolution, and vertebrate biology 
made an outstanding contribution to the advancement of basic and to contribute to the NIH funded Wyoming IDeA Networks for Biomedical 
research in a field of biology. Excellence (INBRE) program (http://www.uwyo.edu/wyominginbre). 


The Prize shall consist of a medal and a prize of 10 million yen. MINIMUM QUALIFICATIONS: * Doctorate degree in Biology related 
The 35" award ceremony was held in Tokyo in November 2019 field by date of appointment - Ability to teach introductory and upper division 
in the presence of their Imperial Highnesses Crown Prince and courses in some combination of conservation biology, ecology, evolution, 
Crown Princess Akishino. vertebrate biology (mammalogy and possibly either ornithology, herpetology, 
Recent Years Prize Winners or ichthyology) « A field- and/or lab-based research program that incorporates 

undergraduate student participation + Ability to mentor undergraduate and 

potentially graduate students in research DESIRED QUALIFICATIONS: 

* Expertise in research involving vertebrate animals utilizing contemporary 

approaches combining field and laboratory study. * Evidence of teaching 

effectiveness REQUIRED MATERIALS: Complete the online application and 

upload the following for a complete application: cover letter, research (1 page) 

‘ and teaching statements (1 page), C.V. and contact information for four work- 

f | ? related references. To Apply: https://uwyo.taleo.net/careersection/00_ex/ 

| jobdetail.ftl?job=19004940&tz=GMT-07%3A00&tzname=. Review of 

2019 2018 2017 applications will begin January 5, 2020 and continue until the position is filled. 
toes pee ee penny HIRING STATEMENT: UW is an Affirmative Action/Equal Opportunity 
Educator and Employer. We are committed to a multicultural environment and 


JAPAN SOCIETY FOR THE PROMOTION OF SCIENCE strongly encourage applications from women, minorities, veterans and persons 
with disabilities. In compliance with the ADA Amendments Act (ADAAA), if you 


a “6 y ’ 5 = -- ie have a disability and would like to request an accommodation to apply for a 
Ral’ 1 Wy “4, position, please call 307-766-2377 or email jobapps@uwyo.edu. 
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MAKE A 
GROUNDBREAKING 
DISCOVERY: | 


As a global health leader in 
prescription medicines, vaccines, 
and animal health products, 
Merck has channeled the power 
of invention to transform lives for 
more than 125 years. Fostering 

a culture of applied curiosity 

and empowerment, we use our 
minds to take on the work’s most 
challenging health issues with 
intellectual prowess. Here is your 
chance to do the same: 


THE MERCK POSTDOCTORAL RESEARCH FELLOW PROGRAM 
AT MERCK RESEARCH LABORATORIES (MRL) 


The world’s finest minds are welcome to participate in this unique program, taking : 
place within state-of-the-industry Research & Development locations across the 4 
United States and around the world. 


Be a force for transformative innovation with Merck. In addition to an opportunity to 
soba pce ives we offer the competitive salary and benefits you would expect of an 


Positions open on January 13, 2020. 
For more information, visit jobs.merck.com. 


Merck is an equal opportunity employer. Minority/Female/Disability/Veteran- 
proudly embracing diversity in all its manifestations. 
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Who’s the Top Employer for 2019? 


Science Careers’ annual survey reveals the top 
companies in biotech & pharma voted on by 
Science readers. 


Read the article and employer profiles and listen 
to podcasts at sciencecareers.org/topemployers 
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‘Science 2019 
TOP EMPLOYERS 


We need you 
to build the world of tomorrow. 


From 3 December 2019 
to 7 January 2020, 
CNRS is recruiting 

250 new researchers. 


carrieres.cnrs.fr/en 


80 years of building new worlds 
through knowledge 


HUMAN FRONTIER SCIENCE PROGRAM 
CALL FOR LETTERS OF INTENT FOR RESEARCH GRANTS: 
AWARD YEAR 2021 


Initiation deadline: 19 March 2020 
Submission deadline: 30 March 2020 


The Human Frontier Science Program (HFSP) supports innovative basic research into fundamental biological problems that applies novel and 
interdisciplinary approaches and includes scientific exchanges across national and disciplinary boundaries. 


HESP research projects extend the frontiers of knowledge. Successful applications will entail risk and aim to develop novel lines of research 
for each participating partner that must be different from their ongoing research. The participation of scientists from outside the traditional 
life sciences such as biophysics, chemistry, computational biology, computer science, engineering, mathematics, nanoscience or physics is 
considered a key requisite in HFSP grant applications. 


To stimulate novel, daring ideas and innovative approaches, preliminary results are not required in HFSP research grant applications. Special 
emphasis is placed on encouraging scientists early in their careers to participate in the Program Grants. Applicants are expected to develop new 
lines of research through the collaboration. 


Awards are for 3 years and made to international (preferably intercontinental) teams of 2 —4 members. Research Grants (Program Grants) are 
for independent scientists at all stages of their careers. Grants are also available for teams of early career researchers (Young Investigator Grants) 
who are all within 5 years of establishing an independent laboratory and within 10 years of obtaining their PhDs. The amount is dependent 
upon team size, up to $450,000 per year. The principal applicant must be located in one of the HFSP member countries; co-investigators may 
be located in any country. 


Applicants are advised to use the quiz on the HFSP website to check their eligibility and to read the guidelines carefully (www.hfsp.org). 
Starting end of January 2020 principal applicants can initiate an application via the HFSP Extranet until March 19, 2020. Submission deadline 
for the letter of intent is March 30, 2020. 


Specific enquiries: grant@hfsp.org 


WORKING LIFE 


By Firdous A. Khan 


1574 


Learning to teach 


hile preparing to teach my first lecture as a new faculty member, I told myself: “You have 


many research presentations under your belt; you’ll nail this 


1? 


It didn’t take long for me 


to realize that I was way off base. A few minutes in, the students looked tired, distracted, 
and in no mood to listen—a stark contrast to my research talk audiences, which seemed 
attentive at least. At one point, I noticed a few students giggling. “Do I look or talk funny?” 
I wondered. When I saw that the giggling students were on Facebook, I was relieved. But 
later I realized that, too, was a sign that I had failed to command their attention. 


In grad school, I had served as a 
teaching assistant, helping guide un- 
dergraduate students during hands- 
on lab sessions. But I was never 
responsible for teaching a class on 
my own, and I never had any for- 
mal training. 

When I became a faculty mem- 
ber, I had to take on a daunting 
course load, teaching 50 lectures 
and as many labs per semester. It 
felt as though I’d been dropped 
in the deep end of a pool with no 
swimming lessons. Class by class, 
my doubts about my teaching abili- 
ties mounted, along with my fears 
that students were not absorbing 
the key details in my lectures. 

I started to reflect on my own 
experiences as a student and tried 
to recall the things that helped me 
learn, as well as the things that 
didn’t. The researcher in me also began to search for sci- 
entific evidence to guide me. I sought help from experts in 
pedagogy, as well as colleagues who had more teaching ex- 
perience than I did. They told me about tools that they used 
during lectures and resources on campus for new teachers. 

Within 1 year, there was a marked change in my teaching. 
I began to use new skills and tools that kept my students 
engaged. One student wrote in a teaching evaluation that 
my approach to teaching “made the information exciting” 
and “challenged students to pay attention.” Teaching gradu- 
ally became a source of satisfaction rather than anxiety. 

Here are some of the lessons that have helped me become 
a more effective teacher. 


SEEK HELP. Teaching is a skill and as such needs to be learned. 
Many scientists assume that their graduate degree or post- 
doctoral experience qualifies them to be a teacher. The reality 
is far from that. Most universities have support systems for 
new teachers, but it is usually up to the instructor to actively 


“Actively engaging students 
is essential for 
holding their attention.” 


seek help. ’d recommend taking for- 
mal university courses on teaching 
methods and participating in work- 
shops. They can help you build net- 
works with fellow educators, swap 
ideas, and share challenges. 


KEEP IT INTERACTIVE. Actively engag- 
ing students is essential for hold- 
ing their attention and nurturing 
critical thought. In a small class, 
asking students to partner with a 
classmate to brainstorm an answer 
to a question can help keep them 
focused. Then, you can bring every- 
one together and ask the students 
to share their ideas. Bigger classes 
pose a greater challenge, but there, 
too, the right tools can help engage 
students. For instance, you can ask 
multiple choice questions and use 
electronic clickers to register the 
students’ responses. Or you can tell the students to pass a 
soft toy around the classroom, each taking a turn to ask or 
answer a question when the toy comes to them. 


BE COMPASSIONATE. Students are more likely to learn if they 
feel the teacher genuinely cares about them and respects 
them. So treat every student with understanding and com- 
passion, and make it clear to them that they can come to 
you for help. It is also important to be mindful of the di- 
versity in student backgrounds and approaches to learning. 
Some students may not feel comfortable raising their hand 
in lecture, for instance, so I use an anonymous Google doc- 
ument where they can leave questions for me. 

Teaching isn’t always easy or intuitive, but it’s your respon- 
sibility to help your students learn. Put in the time to create 
an environment that maximizes learning for everyone. 


Firdous A. Khan is an associate professor at St. George's University 
in Grenada. 
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